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SUMMARY 
A two-d imens iona l ,  i m p l i c i t  f i n i t e - d i f f e r e n c e  method o f  t h e  con t ro l - vo lume 
v a r i e t y ,  a two-equat ion  model o f  t u r b u l e n c e ,  and a d i s c r e t e  d r o p l e t  model have 
been used to  s t u d y  t h e  f low f i e l d ,  t u r b u l e n c e  l e v e l s ,  on ,  vapor  i za- 
t i o n ,  and m i x i n g  i n  d i e s e l  eng ine  env i ronmen ts .  Good agreement w i t h  t h e  d r o p l e t  
p e n e t r a t i o n  d a t a  o f  H i r o y a s u  and Kadota was o b t a i n e d  for a range o f  ambien t  p res -  
sures  by  n e g l e c t i n g  t h e  e f f e c t s  o f  v o i d  f r a c t i o n ,  d r o p l e t  coa lescence,  and drop- 
l e t  c o l l i s i o n s  i n  t h e  s i m u l a t i o n .  The model has a l s o  been used t o  s t u d y  t h e  
e f f e c t s  o f  eng ine  speed, i n j e c t i o n  a n g l e ,  sp ray  cone a n g l e ,  d r o p l e t  d i s t r i b u -  
t i o n ,  and i n t a k e  s w i r l  ang le  on  t h e  f low f i e l d ,  sp ray  p e n e t r a t i o n  and v a p o r i z a -  
t i o n ,  and t u r b u l e n c e  i n  motored two-s t roke  d i e s e l  eng ines .  I t  i s  shown t h a t  
sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  i n c r e a s e  w i t h  t h e  i n t a k e  s w i r l  and produce 
large gas-phase velocities and turbulence levels. The spray penetration also 
i n c r e a s e s  w i t h  t h e  d iamete r  o f  t h e  d r o p l e t s  i n j e c t e d  i n t o  t h e  c y l i n d e r .  Large  
d r o p l e t s  may t r a v e r s e  t h e  c y l i n d e r  and s t r i k e  on  t h e  p i s t o n  or t h e  c y l i n d e r  w a l l ,  
where t h e y  v a p o r i z e .  Smal l  d r o p l e t s  a r e  t r a p p e d  i n  t h e  i n j e c t i o n - g e n e r a t e d  
edd ies ,  where t h e y  v a p o r i z e .  Smal l  cone ang les  r e s u l t  i n  l i t t l e  r a d i a l  sp ray  
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p e n e t r a t i o n  and d r o p l e t s  v a p o r i z e d  i n  t h e  i n j e c t i o n - g e n e r a t e d  e d d i e s .  A s  t h e  
u) sp ray  cone a n g l e  i s  i n c r e a s e d ,  t h e  sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  i n c r e a s e  
M up t o  some l i m i t .  Beyond a c r i t i c a l  sp ray  cone a n g l e ,  some d r o p l e t s  v a p o r i z e  
W near  t h e  c y l i n d e r  c e n t e r l i n e  i n  t h e  i n j e c t i o n - g e n e r a t e d  edd ies ,  and o t h e r s  vapor -  
i z e  slowly a l o n g  t h e  c o l d  c y l i n d e r  w a l l .  E a r l y  i n j e c t i o n  r e s u l t s  i n  l a r g e r  
sp ray  p e n e t r a t i o n s  because o f  t h e  low c y l i n d e r  tempera tures  and r e l a t i v e l y  sma l l  
v a p o r i z a t i o n  c o o l i n g .  L a t e  i n j e c t i o n  r e s u l t s  i n  f a s t  v a p o r i z a t i o n  near  t h e  
i n j e c t o r ,  where t h e  d r o p l e t s  a r e  t rapped  by  t h e  i n j e c t i o n - g e n e r a t e d  e d d i e s .  A s  
t h e  eng ine  speed i n c r e a s e s ,  t h e  t u r b u l e n c e  k i n e t i c  energy  and gas-phase v e l o c i -  
t i e s  i n c r e a s e .  T h i s  r e s u l t s  i n  l a r g e  d e c e l e r a t i o n  o f  t h e  i n j e c t e d  d r o p l e t s  and 
f u e l  v a p o r i z a t i o n  near  t h e  i n j e c t o r  and c y l i n d e r  c e n t e r l i n e .  
t h e r e  a r e  optimum c o n d i t i o n s  f o r  i n j e c t i o n ,  wh ich  depend on  d r o p l e t  d i s t r i b u -  
t i o n ,  s w i r l ,  sp ray  cone a n g l e ,  and i n j e c t i o n  ang le .  The optimum c o n d i t i o n s  
r e s u l t  i n  good sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  and i n  good f u e l  m i x i n g .  
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I 
I t  i s  shown t h a t  
The 
c a l c u l a t i o n  p resen ted  i n  t h i s  r e p o r t  c l e a r l y  i n d i c a t e s  t h a t  i n t e r n a l  combust ion  
eng ine  models can be used t o  assess, a t  l e a s t  q u a l i t a t i v e l y ,  t h e  e f f e c t s  o f  
i n j e c t i o n  c h a r a c t e r i s t i c s  and eng ine  o p e r a t i n g  c o n d i t i o n s  on t h e  f low f i e l d  and 
on  t h e  sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  i n  d i e s e l  eng ines .  
INTRODUCTION 
The o b j e c t i v e  o f  t h i s  r e p o r t  i s  t w o f o l d .  F i r s t ,  a two-d imens iona l ,  
i m p l i c i t  f i n i t e - d i f f e r e n c e  method o f  t h e  con t ro l - vo lume v a r i e t y ,  a two-equat ion  
model o f  t u r b u l e n c e ,  and a d i s c r e t e  d r o p l e t  model have been deve loped t o  s t u d y  
t h e  f low f i e l d  and sp ray  p e n e t r a t i o n  i n  s t a g n a n t  ambien ts  a t  d i f f e r e n t  p res -  
su res .  he model p r e d i c t i o n s  have been compared w i t h  t h e  exper imen ta l  d a t a  o f  
H i r o y a s u  and Kadota ( r e f .  l ), and good agreement was o b t a i n e d  by  n e g l e c t i n g  v o l u -  
m e t r i c  d splacement e f f e c t s  on  t h e  gas phase ( r e f .  2 > ,  d r o p l e t  c o l l i s i o n s  and 
coa lescence ( r e f s .  3 t o  l o ) ,  and d r o p l e t  breakup ( r e f .  1 1 ) .  Second, t h e  e f f e c t s  
o f  i n t a k e  s w i r l  ang le ,  eng ine  speed, and i n j e c t i o n  c h a r a c t e r i s t i c s  on  t h e  f low 
f i e l d  i n  a tu rbocharged ,  two-s t roke  d i e s e l  eng ine  o p e r a t i n g  under motored  cond i -  
t i o n s  have been ana lyzed .  M u l t i d i m e n s i o n a l  models o f  two-s t roke  d i e s e l  eng ines  
have been deve loped b y  s e v e r a l  i n v e s t i g a t o r s  ( r e f s .  12  t o  20). Awn and S p a l d i n g  
( r e f .  12) de te rm ined  t h e  flow f i e l d  d u r i n g  t h e  i n t a k e  and exhaust  s t r o k e s  and 
assessed t h e  scaveng ing  e f f i c i e n c y  i n  a two-s t roke  d i e s e l  eng ine .  However, t h e y  
d i d  not study t h e  i n f l u e n c e  of s w i r l  and f u e l  i n j e c t i o n  o n  t h e  f low f i e l d .  Sher  
( r e f s .  13 t o  15) modeled and per fo rmed exper imen ts  i n  a loop-scavenged eng ine  
and compared t h e  boundary between t h e  f r e s h  charge and t h e  r e s i d u a l  gases w i t h  
exper imen ta l  d a t a  o b t a i n e d  i n  a t r a n s p a r e n t  model eng ine .  
Adachi e t  a l .  ( r e f .  16) c a l c u l a t e d  t h e  scaveng ing  e f f i c i e n c y  as a f u n c t i o n  
o f  t h e  d e l i v e r y  r a t i o  and compared t h e i r  p r e d i c t i o n s  w i t h  e x p e r i m e n t a l  da ta .  
They assumed t h a t  t h e  d e t a i l s  o f  t h e  exhaust  v a l v e  do  n o t  a f f e c t  t h e  scaveng ing  
processes .  Diwakar ( r e f .  17) a l s o  modeled gas exchange processes  i n  a u n i f l o w -  
scavenged, two-s t roke  d i e s e l  eng ine  and s i m u l a t e d  t h e  exhaust  v a l v e s  as a s i n g l e  
a n n u l a r  s l o t  on  t h e  c y l i n d e r  head. He showed t h a t  t h e  l o c a t i o n  o f  t h e  exhaust  
annu lus  d i d  n o t  a f f e c t  t h e  c o n c l u s i o n s  reached i n  h i s  work and t h a t  d u r i n g  t h e  
gas exchange process ,  t h e  f low f i e l d  i s  c h a r a c t e r i z e d  by  two r e c i r c u l a t i o n  zones: 
one near  t h e  c y l i n d e r  head and t h e  o t h e r  nea r  t h e  c y l i n d e r  w a l l .  Ca rpen te r  and 
Ramos ( r e f s .  18 and 19) have s t u d i e d  t h e  e f f e c t s  o f  s w i r l  on  t h e  f low f i e l d  i n  a 
un i f low-scavenged,  two-s t roke  d i e s e l  eng ine  under motored  c o n d i t i o n s .  They 
showed t h a t  d u r i n g  t h e  gas exchange process ,  two r e c i r c u l a t i o n  zones a r e  c r e -  
a t e d :  one near  t h e  c y l i n d e r  w a l l  and t h e  o t h e r  near  t h e  c y l i n d e r  c e n t e r l i n e .  
The f low f i e l d s  o b t a i n e d  b y  Carpen te r  and Ramos ( r e f s .  18 and 19) a r e  i n  q u a l i t a -  
t i v e  agreement w i t h  those  o b t a i n e d  by  Diwakar ( r e f .  17) and Uzkan and H a z e l t o n  
( r e f .  20). These i n v e s t i g a t o r s  showed t h a t  t h e  s i z e  o f  t h e  r e c i r c u l a t i o n  zone 
l o c a t e d  near  t h e  c y l i n d e r  c e n t e r l i n e  i n c r e a s e s  as t h e  s w i r l  a n g l e  i s  i nc reased .  
The s i z e  o f  t h i s  r e c i r c u l a t i o n  zone decreases i n  t h e  compression s t r o k e .  Uzkan 
and Haze l ton  ( r e f .  20) a l s o  s t u d i e d  t h e  e f f e c t s  o f  s w i r l  l e v e l  on  t h e  m i x i n g  o f  
t h e  f r e s h  charge w i t h  t h e  r e s i d u a l  gases and showed t h a t  t o  enhance t h e  m i x i n g  
o f  t h e  f u e l  spray  w i t h  t h e  f r e s h  a i r ,  a medium s w i r l  l e v e l  i s  b e t t e r  t h a n  h i g h  
or low s w i r l  l e v e l s .  Kuo and Yu ( r e f .  21) i n v e s t i g a t e d  t h e  e f f e c t  o f  n o z z l e  
h o l e  number and n o z z l e  h o l e  s i z e  and i n j e c t i o n  d u r a t i o n  o f  a t r a n s i e n t  spray .  
They demonstrated t h a t  t h e  m i x i n g  r a t e  i n c r e a s e s  w i t h  t h e  i n j e c t i o n  
v e l o c i t y .  
None o f  t h e  a fo remen t ioned  i n v e s t i g a t o r s  ana lyzed t h e  e f f e c t s  o f  s w i r l ,  
eng ine  speed, i n j e c t i o n  a n g l e ,  d r o p l e t  d i s t r i b u t i o n  f u n c t i o n ,  and sp ray  cone 
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ang le  on t h e  spray p e n e t r a t i o n ,  v a p o r i z a t i o n ,  and m i x i n g  i n  un i f low-scavenged,  
two-s t roke  d i e s e l  eng ines .  These e f f e c t s  a r e  d i scussed  i n  t h i s  r e p o r t ,  w i t h  
d e t a i l e d  analyses i n  appendixes A t o  E .  
PROBLEM FORMULATION 
The mean f l o w  f i e l d  i n  t h e  ax i symmet r i c  c o n f i g u r a t i o n s  s t u d i e d  i n  t h i s  
r e p o r t  i s  governed by mixed h y p e r b o l i c - p a r a b o l i c  c o n s e r v a t i o n  e q u a t i o n s  f o r  
mass, momentum, and energy .  These e q u a t i o n s  can be d e r i v e d  from t h e  i n s t a n t a n e -  
ous,  t h ree -d imens iona l  Nav ie r -S tokes  e q u a t i o n s  by t a k i n g  a l o n g - t i m e  average,  by 
assuming no d e n s i t y  f l u c t u a t i o n s ,  by n e g l e c t i n g  t h e  p r e s s u r e - v e l o c i t y  and t r i p l e  
c o r r e l a t i o n s ,  by u s i n g  a Boussinesq model for t h e  double c o r r e l a t i o n s ,  and by 
assuming t h a t  t h e  mean f low i s  a x i s y m m e t r i c .  These assumptions r e s u l t  i n  
long- t ime-averaged c o n s e r v a t i o n  e q u a t i o n s  o f  mass; a x i a l ,  r a d i a l ,  and az imu tha l  
v e l o c i t y  components; and energy and spec ies  mass f r a c t i o n  e q u a t i o n s ;  and c o n t a i n  
s o u r c e / s i n k  t e r m s  which account  f o r  t h e  exchanges of mass, momentum, and energy  
between t h e  gas and l i q u i d  phases. 
A two-equat ion  model o f  t u r b u l e n c e  which i n c l u d e s  t h e  e f f e c t s  o f  compress i -  
b i l i t y  i n  t h e  e q u a t i o n s  for  t h e  t u r b u l e n c e  k i n e t i c  energy and i t s  d i s s i p a t i o n  
r a t e  has been used. The model does n o t  c o n s i d e r  t h e  e f f e c t s  of t h e  l i q u i d  
phase on t u r b u l e n c e ;  f o r  example, i t  does n o t  c o n s i d e r  t h e  e f f e c t s  of s e v e r a l  
d r o p l e t s  i n  a t u r b u l e n t  eddy. The t u r b u l e n c e  model c o n s i s t s  o f  two t r a n s p o r t  
e q u a t i o n s  for t h e  t u r b u l e n c e  k i n e t i c  energy and i t s  r a t e  o f  d i s s i p a t i o n  and 
y i e l d s  a c h a r a c t e r i s t i c  t u r b u l e n t  l e n g t h  and a c h a r a c t e r i s t i c  t u r b u l e n t  t i m e  
s c a l e .  
A d i s c r e t e  d r o p l e t  model has been used t o  c a l c u l a t e  t h e  d r o p l e t  p o s i t i o n s ,  
v e l o c i t i e s ,  and tempera tu res  i n  t h e  f o l l o w i n g  manner. The mass o f  f u e l  i n j e c t e d  
i n  a t i m e  i n t e r v a l  has been ass igned  t o  a Rosin-Rammler d r o p l e t  d i s t r i b u t i o n  
f u n c t i o n .  Th is  d i s t r i b u t i o n  was d i s c r e t i z e d  by a s s i g n i n g  t o  c e r t a i n  t y p i c a l  drop-  
l e t  d iamete rs  a c h a r a c t e r i s t i c  number o f  d r o p l e t s ,  t h e  i n i t i a l  v e l o c i t i e s  and 
i n i t i a l  i n j e c t i o n  l o c a t i o n s  o f  which a r e  randomly p e r t u r b e d  about  a mean p o s i -  
t i o n  and v e c t o r .  The d r o p l e t  i n j e c t i o n  v e l o c i t i e s  w e r e  s p e c i f i e d  from exper imen- 
t a l l y  de te rm ined  v a l u e s .  The i n i t i a l  r a d i a l  and a x i a l  d r o p l e t  l o c a t i o n s  w e r e  
n o t  s p e c i f i e d  a t  t h e  c y l i n d e r  head. These l o c a t i o n s  w e r e  chosen s e v e r a l  n o z z l e  
d iamete rs  downstream from t h e  i n j e c t o r ,  s i n c e  t h e  l i q u i d  j e t  b reakup and t h e  l i g -  
ament r e g i o n s  w e r e  n o t  s i m u l a t e d .  The i n i t i a l  d r o p l e t  l o c a t i o n s  were chosen r a n -  
domly i n  o r d e r  t o  account  f o r  t h e  uns teady  c h a r a c t e r i s t i c s  o f  t h e  l i q u i d  f u e l  
j e t  breakup.  
The l i q u i d  f u e l  was i n j e c t e d  as a c o n i c a l  sheet  w i t h  some b roaden ing  t o  
account  for  t h e  l i q u i d  d r o p l e t  d i s p e r s i o n .  Forced c o n v e c t i o n  c o r r e l a t i o n s  w e r e  
used t o  c a l c u l a t e  t h e  mass and hea t  exchanges between t h e  gas phase and t h e  l i q -  
u i d  d r o p l e t s ,  and t h e  C laus ius -C lapey ron  e q u a t i o n  was used t o  de te rm ine  t h e  l i q -  
u i d  f u e l  v a p o r i z a t i o n  r a t e .  
V o l u m e t r i c  d i sp lacemen t  e f f e c t s  on t h e  gas-phase e q u a t i o n s  w e r e  n e g l e c t e d  
( r e f .  2 ) ;  t h a t  i s ,  a t h i n  sp ray  a p p r o x i m a t i o n  was used, and d r o p l e t  c o l l i s i o n s  
and coalescence were n e g l e c t e d  ( r e f .  3 ) .  Comparisons w i t h  e x p e r i m e n t a l  d a t a  
( r e f .  1 1 )  have shown t h a t  good agreement can be o b t a i n e d  i f  t h e  e x p e r i m e n t a l  
i n j e c t i o n  v e l o c i t i e s  a r e  used i n  t h e  c a l c u l a t i o n s .  T h i n  sp ray  models have been 
used by Gosman and Johns ( r e f .  22)  and Gosman and Harvey ( r e f .  2 3 ) .  Dukowicz 
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( r e f .  2 )  accounted f o r  v o l u m e t r i c  d i sp lacemen t  e f f e c t s  b u t  d i d  n o t  c o n s i d e r  
d r o p l e t  c o l l i s i o n s ,  coa lescence,  and breakup,  and o b t a i n e d  good agreement w i t h  
t h e  exper imen ta l  d a t a  o f  H i r o y a s u  and Kadota ( r e f .  1 )  for  a v a r i e t y  o f  ambient 
c o n d i t i o n s .  T h i s  agreement seems t o  have been o b t a i n e d  by  employ ing  v e r y  smal l  
d r o p l e t s  ( p r i v a t e  communicat ion from P.J. O'Rourke, Los Alamos L a b o r a t o r y ,  New 
Mex ico) .  O'Rourke and Bracco  ( r e f .  3)  deve loped a p r o b a b i l i t y  d e n s i t y  f u n c t i o n  
f o r m u l a t i o n  f o r  t h i c k  sprays  t h a t  accounts  f o r  k i n e t i c  energy  o f  t h e  d r o p l e t s ,  
v o l u m e t r i c  d i sp lacemen t  e f f e c t s ,  and d r o p l e t  c o l l i s i o n s  and coa lescence.  
O'Rourke and Bracco ( r e f .  3)  o b t a i n e d  v e r y  good agreement w i t h  t h e  e x p e r i m e n t a l  
d a t a  o f  H i royasu  and Kadota ( r e f .  1 ) .  Kuo and Bracco ( r e f .  6 )  used a t h i c k  
sp ray  a p p r o x i m a t i o n  and a l s o  o b t a i n e d  good agreement w i t h  exper imen ta l  d a t a .  
The i n t e r a c t i o n  between t h e  gas-phase t u r b u l e n c e  and t h e  d r o p l e t s  was 
modeled b y  add ing  t o  t h e  mean d r o p l e t  v e l o c i t y  a f l u c t u a t i n g  v e l o c i t y  wh ich  was 
assumed t o  be i s o t r o p i c ;  t h i s  v e l o c i t y  was de te rm ined  from t h e  gas-phase t u r b u -  
l ence  k i n e t i c  ene rgy  and was assumed t o  a c t  on t h e  d r o p l e t s  i n  a con t inuous  
manner f o r  t h e  d u r a t i o n  of t h e  compu ta t i ona l  t i m e  s t e p .  T h i s  approach can be 
j u s t i f i e d  because o f  t h e  sma l l  t i m e  s teps  used i n  t h e  c a l c u l a t i o n s ;  t i m e  s teps  
a r e  on  t h e  o r d e r  o f  t h e  d r o p l e t  r e s i d e n c e  t i m e s  i n  a t y p i c a l  eddy and on  t h e  
o r d e r  o f  a c h a r a c t e r i s t i c  eddy t u r n o v e r  t i m e .  
t o  show t h a t  f o r  s u f f i c i e n t l y  sma l l  t i m e  s t e p s ,  t h e  e f f e c t s  of t u r b u l e n c e  on t h e  
d r o p l e t s  a r e  o f  secondary impor tance .  
n e g l e c t e d .  
C a l c u l a t i o n s  have been pe r fo rmed  
The e f f e c t s  of t h e  d r o p l e t s  on  eddy were 
The d r o p l e t  packe ts  were t r a c k e d  i n  Lag rang ian  c o o r d i n a t e s ,  and o r d i n a r y  
d i f f e r e n t i a l  e q u a t i o n s  were s o l v e d  t o  de te rm ine  t h e  d r o p l e t  p o s i t i o n s ,  v e l o c i -  
t i e s ,  r a d i l ,  and tempera tu res .  An i m p l i c i t ,  second-order -accura te  scheme was 
used t o  s o l v e  t h e  Lagrang ian  e q u a t i o n s .  
The gas-phase e q u a t i o n s  were s o l v e d  i n  E u l e r i a n  c o o r d i n a t e s  on  a g r i d  wh ich  
expands and c o n t r a c t s  w i t h  t h e  p i s t o n  mo t ion .  A t r a n s f o r m a t i o n  o f  c o o r d i n a t e s  
was used t o  t r a n s f o r m  t h e  moving-boundary v a l u e  p rob lem a s s o c i a t e d  w i t h  t h e  p i s -  
t o n  m o t i o n  i n t o  a f i xed -boundary  v a l u e  prob lem ( r e f .  2 4 ) .  A s taggered  g r i d  was 
used t o  c a l c u l a t e  t h e  f i n i t e - d i f f e r e n c e  form of t h e  a d v e c t i o n  te rms,  depending 
on  t h e  c e l l  Reynolds number. T h i s  t r e a t m e n t  r e s u l t e d  i n  a c o n s e r v a t i v e  f i n i t e -  
d i f f e r e n c e  scheme o f  t h e  c o n t r o l - v o l u m e  v a r i e t y .  The gas-phase v e l o c i t y  compo- 
n e n t s ,  t empera tu re ,  and spec ies  c o n c e n t r a t i o n s  were c a l c u l a t e d  from t h e  
momentum, energy ,  and spec ies  e q u a t i o n s .  
A g l o b a l  p e r t u r b a t i o n  t e c h n i q u e  ( r e f .  2 5 )  was i n t r o d u c e d  t o  c a l c u l a t e  t h e  
g l o b a l  p ressu re  v a r i a t i o n s  a s s o c i a t e d  w i t h  t h e  p i s t o n  compression and expans ion  
s t r o k e s ,  and t h e  d r o p l e t  e v a p o r a t i o n .  Th is  t e c h n i q u e  assures  g l o b a l  mass conser-  
v a t i o n  and accounts  f o r  t h e  m i x t u r e  thermodynamics i n  a g l o b a l  manner. The 
g l o b a l  p ressu re  p e r t u r b a t i o n  can be o b t a i n e d  from t h e  f i n i t e - d i f f e r e n c e  form o f  
t h e  c o n t i n u i t y  e q u a t i o n  ( r e f s .  25  and 2 6 ) .  
The two-way c o u p l i n g  
f o r  t h e  mass, momentum, an 
t i o n s  o f  t h e  d r o p l e t  packe 
(u -  and v-momentum compone 
The source terms i n  t h e  gas-phase e q u a t i o n s  were de termined by  a 
cumu la t i ve  changes exper ienced  b y  a l l  t h e  packe ts  i n t o  t h e  c e l l s  
changes o c c u r r e d .  For packe ts  t r a v e r s i n g  more t h a n  one c e l l  d u r  
t h e  exchanges were d i v i d e d  i n t o  t h e  a p p r o p r i a t e  c e l l s  i n  p r o p o r t  
centage o f  t h e  t i m e  spent  i n  each c e l l .  S t i f f n e s s  and numer i ca l  
I 
between t h e  l i q u i d  and gas phases was used t o  account  
d energy  exchanges between t h e  two phases. The loca -  
t s  w i th  r e s p e c t  to  each o f  t h e  t h r e e  E u l e r i a n  g r i d s  
n t s  and s c a l a r s )  were de te rm ined  a t  each t i m e  s tep .  
l o c a t i n g  t h e  
where t h e  
ng a t i m e  s tep ,  
on  t o  t h e  pe r -  
convergence 
problems were avo ided w i t h  t h i s  t e c h n i q u e ,  s i n c e  t h e  d r o p l e t  h i s t o r y  was used t o  
a l l o c a t e  t h e  changes among t h e  a p p r o p r i a t e  c e l l s ,  r a t h e r  than  c o n c e n t r a t i n g  them 
i n t o  t h e  c e l l  where t h e  packe ts  r e s i d e  a t  t h e  end o f  each t i m e  s t e p .  L i n e a r  
i n t e r p o l a t i o n  based on  t h e  d i s t a n c e s  between t h e  d r o p l e t  and t h e  c e l l  noda l  
p o i n t s  was used t o  c a l c u l a t e  t h e  gas-phase p r o p e r t i e s  a t  t h e  d r o p l e t  l o c a t i o n s .  
PRESENTATION AND D I S C U S S I O N  OF RESULTS 
Comparison Wi th  Exper imen ta l  Data  o f  H i r o y a s u  and Kadota  
The t h i n  spray  model d e s c r i b e d  i n  t h e  p r e c e d i n g  s e c t i o n  has been used t o  
s t u d y  f u e l  p e n e t r a t i o n  i n  d i e s e l  eng ine  env i ronments  and has been compared w i t h  
t h e  exper imen ta l  d a t a  o f  H i r o y a s u  and Kadota ( r e f .  1 )  f o r  d i f f e r e n t  ambien t  
c o n d i t i o n s .  
I n  H i r o y a s u  and K a d o t a ' s  exper imen ts ,  t h e  tempera tu re  i s  u n i f o r m ,  and f u e l  
v a p o r i z a t i o n  i s  n e g l i g i b l e .  The i n i t i a l  v e l o c i t y  of t h e  sp ray  was de te rm ined  by 
e x t r a p o l a t i n g  t h e  e x p e r i m e n t a l l y  de te rm ined  sp ray  p e n e t r a t i o n  r a t e  a t  t i m e  
t = 0. Also, t h e  e x p e r i m e n t a l l y  de te rm ined  sp ray  a n g l e  was used i n  t h e  
c a l c u l a t i o n s .  
The number o f  packe ts  i n j e c t e d  p e r  t i m e  s t e p  was de te rm ined  i n  p a r a m e t r i c  
s t u d i e s  b y  a n a l y z i n g  t h e  dependence o f  t h e  s o l u t i o n  on i n c r e a s i n g  number o f  drop- 
l e t  packe ts .  I t  was found  t h a t  l i t t l e  change was observed i n  t h e  converged so lu -  
t i o n  for  a f i v e f o l d  i n c r e a s e  i n  t h e  number o f  packe ts  spann ing  t h e  s i z e  o f  t h e  
d r o p l e t  d i s t r i b u t i o n .  A minimum number t h a t  s t i l l  r e s o l v e d  t h e  d r o p l e t  d i s t r i b u -  
t i o n  was chosen fo r  t h e  compu ta t i on .  The parameters  of t h e  Rosin-Rammler d i s t r i -  
b u t i o n  were de termined by c a l c u l a t i n g  approx imate  Weber number c r i t e r i a  f o r  t h e  
i n j e c t e d  d r o p l e t s .  
s t a b l e  d r o p l e t s  ( r e f .  2 ) .  I n  e v a l u a t i n g  t h e  Weber number, t h e  v e l o c i t y  o f  t h e  
l i q u i d  s u r f a c e  r e l a t i v e  t o  t h e  gas shou ld  be used. However, i n  t h e  v i c i n i t y  o f  
t h e  n o z z l e ,  such a v e l o c i t y  i s  some f r a c t i o n  of t h e  i n j e c t i o n  v e l o c i t y  because 
o f  t h e  boundary l a y e r  o f  t h e  l i q u i d  on t h e  w a l l  o f  t h e  n o z z l e ,  and i t s  e x a c t  
v a l u e  i s  n o t  known ( r e f .  2 7 ) .  The r e l a t i v e  v e l o c i t y  between t h e  gas and l i q u i d  
phases has a sma l l  e f f e c t  on t h e  i n i t i a l  sp ray  d r o p l e t  s i z e  because, for  a g i v e n  
Weber number and l i q u i d ,  t h e  i n i t i a l  d r o p l e t  s i z e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  square o f  t h e  r e l a t i v e  v e l o c i t y  ( r e f .  2 7 ) .  
t o  assess t h e  i n f l u e n c e  o f  t h e  r e l a t i v e  v e l o c i t y  between t h e  gas and l i q u i d  
phases on  t h e  sp ray  p e n e t r a t i o n .  Smal l  r e l a t i v e  v e l o c i t i e s  y i e l d e d  b i g  d r o p l e t s  
and o v e r p r e d i c t e d  t h e  sp ray  p e n e t r a t i o n .  Smal l  r e l a t i v e  v e l o c i t i e s  y i e l d e d  b i g  
d r o p l e t s  and o v e r p r e d i c t e d  t h e  sp ray  p e n e t r a t i o n  ( r e f .  26 ) .  
A Weber number o f  20 g i v e s  an approx imate  upper  bound f o r  
P a r a m e t r i c  s t u d i e s  were per fo rmed 
Bracco ( r e f .  27) and Kuo and Bracco ( r e f .  6 )  e s t i m a t e d  t h e  i n i t i a l  Sau te r  
mean d iamete r  from t h e  t h e o r y  deve loped by T a y l o r  ( r e f s .  28 and 2 9 ) ,  who s t u d i e d  
t h e  r a t e  o f  g rowth  o f  t h e  p e r t u r b a t i o n s  of p l a n a r  l i q u i d  s u r f a c e s  i nduced  by  
c o f l o w i n g  gases. T h i s  t h e o r y  p r e d i c t s  t h a t  t h e  i n i t i a l  d r o p l e t  d i a m e t e r  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  l i q u i d  sur face  t e n s i o n  and t h e  wave leng th  o f  t h e  
f a s t e s t  g row ing  s u r f a c e  wave, and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  gas d e n s i t y  and 
t h e  square o f  t h e  r e l a t i v e  v e l o c i t y  between t h e  gas and t h e  l i q u i d  phases. I n  
v iew  o f  t h e  l i m i t a t i o n s  o f  T a y l o r ' s  t h e o r y  ( r e f .  2 7 > ,  much more r e s e a r c h  needs 
t o  be done to  a c c u r a t e l y  de te rm ine  t h e  i n i t i a l  d r o p l e t  s i z e  f o r  m u l t i d i m e n s i o n a l  
models.  The c a l c u l a t i o n s  per fo rmed by Carpen te r  ( r e f .  26) i n d i c a t e  t h a t  as l o n g  
as " reasonab le "  d r o p l e t  s i z e s  a r e  chosen, t h e  sp ray  p e n e t r a t i o n  i s  m a i n l y  con- 
t r o l l e d  by t h e  exchanges o f  mass, momentum, and energy  between t h e  gas and 
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l i q u i d  phases. T h i s  i s  n o t  t o  say t h a t  t h e  d r o p l e t  s i z e  i s  o f  secondary n a t u r e ;  
i n  f a c t ,  t h e  i n i t i a l  d r o p l e t  s i z e  and t h e  r e l a t i v e  v e l o c i t y  have a s t r o n g  e f f e c t  
on t h e  spray  p e n e t r a t i o n .  
ga ted  by H i royasu  and Kadota ( r e f .  1 )  showed t h a t  s t a b l e  d r o p l e t s  a r e  o f  t h e  
o r d e r  o f  10 t o  20 pm, depend ing  on  t h e  r e l a t i v e  v e l o c i t y  between t h e  two phases. 
For i n j e c t i o n  v e l o c i t i e s  l a r g e r  t h a n  100 m / s e c ,  d r o p l e t s  l a r g e r  than  20 pm i n  
d iamete r  w i l l  b reak  up i n t o  s m a l l e r  d r o p l e t s .  
C a l c u l a t i o n s  f o r  t h e  f o u r  ambien t  p ressu res  i n v e s t i -  
The f u e l  flow r a t e  was c a l c u l a t e d  by  u s i n g  a d i s c h a r g e  c o e f f i c i e n t  o f  0.7 
and by assuming t h a t  t h e  n o z z l e  p r e s s u r e  i s  equal  t o  t h e  need le  open ing  p r e s s u r e  
o f  9.9 MPa. Needle open ing  was assumed t o  be i n s t a n t a n e o u s .  
The t i m e  s t e p  used i n  t h e  c a l c u l a t i o n s  was o p t i m i z e d  t o  account  f o r  t h e  
i m p l i c i t  n a t u r e  o f  t h e  numer i ca l  scheme and fo r  t h e  p e n e t r a t i o n  o f  t h e  d r o p l e t s  
I t  was a l s o  de termined so t h a t  t h e  spray  p e n e t r a t i o n  was t i m e - s t e p  independent .  
I f  t h e  t i m e  s t e p  i s  v e r y  l a r g e ,  t h e  d r o p l e t s  may c r o s s  s e v e r a l  compu ta t i ona l  
c e l l s ,  and o s c i l l a t i o n s  deve lop  near  t h e  i n j e c t o r  because o f  e r r o r s  r e l a t e d  t o  
t h e  gas-phase p r o p e r t i e s  used i n  t h e  e v a l u a t i o n  of t h e  source te rms .  
The t i m e  s t e p  was s e l e c t e d  so t h a t  t h e  d r o p l e t s  do n o t  cross more than  f o u r  
c e l l s  p e r  t i m e  s t e p .  T h i s  c r i t e r i o n  was found  to  r e s u l t  i n  n o n o s c i l l a t o r y  
s o l u t i o n s .  
Severa l  g r i d s  were employed i n  t h e  c a l c u l a t i o n s .  I t  was u l t i m a t e l y  dec ided  
t h a t  a 32 by 32 g r i d  r e s u l t e d  i n  a c c u r a t e  and a lmos t  g r i d - i n d e p e n d e n t  r e s u l t s ;  
i n  t h e  r a d i a l  d i r e c t i o n ,  t h e  s o l u t i o n s  showed r a d i a l  g r i d  independence between 
27 and 32 p o i n t s .  However, i n  t h e  a x i a l  d i r e c t i o n ,  changes i n  t h e  second and 
t h i r d  decimal p l a c e s  were found w i t h  27 and 32 a x i a l  p o i n t s .  S ince  t h e  a x i a l  
d i r e c t i o n  r e q u i r e d  a h i g h  g r i d  d e n s i t y ,  a r e l a t i v e l y  s h o r t  a x i a l  domain o f  10 cm 
was used i n  t h e  c a l c u l a t i o n s .  Neumann's c o n d i t i o n s  were used as boundary 
c o n d i t i o n s .  
F i g u r e  1 shows t h e  sp ray  p e n e t r a t i o n  as a f u n c t i o n  o f  t i m e  for ambien t  p res -  
sures  o f  1 ,  1 1 ,  30, and 50 atm. I n  t h i s  f i g u r e ,  t h e  s o l i d  l i n e s  denote  computa- 
t i o n a l  r e s u l t s ,  whereas t h e  d o t t e d  l i n e s  cor respond t o  t h e  e x p e r i m e n t a l  d a t a  o f  
H i r o y a s u  and Kadota ( r e f .  1 ) .  F i g u r e  1 c l e a r l y  i n d i c a t e s  t h a t  t h e  t h i n  sp ray  
a p p r o x i m a t i o n  y i e l d s  good agreement w i t h  exper imen ta l  d a t a .  
Our model y i e l d s  good agreement w i t h  Dukow icz ' s  r e s u l t s  ( r e f .  2 > ,  wh ich  
account  f o r  v o l u m e t r i c  d i sp lacemen t  e f f e c t s ;  these e f f e c t s  a r e  i m p o r t a n t  near  
t h e  i n j e c t o r .  However, i t  shou ld  be p o i n t e d  o u t  t h a t  Dukowicz had to  use v e r y  
sma l l  d r o p l e t s  near  t h e  i n j e c t o r  ( p r i v a t e  communicat ion from P.J. O'Rourke).  
The comparisons p resen ted  i n  f i g u r e  1 a r e  i n  remarkab le  agreement w i t h  
those o f  O'Rourke and Bracco ( r e f .  31, who accounted for v o l u m e t r i c  d i sp lacemen t  
e f f e c t s  and d r o p l e t  coa lescence and c o l l i s i o n s .  The "bumps" observed i n  t h e  
p e n e t r a t i o n s  shown i n  f i g u r e  1 a r e  due t o  t u r b u l e n t  f l u c t u a t i o n s  on t h e  d r o p l e t s .  
F i g u r e  1 a l s o  shows t h e  sp ray  p e n e t r a t i o n  ( n o t e  t h e  change i n  s c a l e )  f o r  an 
ambient p ressu re  o f  50 atm computed w i t h  t h r e e  t i m e  s t e p s .  T h i s  f i g u r e  i n d i -  
ca tes  t h a t  t he  sp ray  p e n e t r a t i o n  i s  t ime-s tep  independent  f o r  A t  100 msec. 
A t i m e  s t e p  o f  150 msec y i e l d s  f a r t h e r  p e n e t r a t i o n  than  a t i m e  s t e p  o f  50 msec. 
( A  t i m e  s t e p  o f  50 msec was used i n  t h e  c a l c u l a t i o n s  p r e s e n t e d  i n  t h i s  r e p o r t . )  
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The r e s u l t s  p r e s e n t e d  i n  f i g u r e  1 i n d i c a t e  t h a t  a l t h o u g h  t h e  i n t e r a c t i o n  
between t h e  d r o p l e t s  and t u r b u l e n c e  i s  a f u n c t i o n  o f  t h e  d r o p l e t  r e s i d e n c e  t i m e  
i n  an eddy and o f  t h e  eddy l i f e t i m e ,  t u r b u l e n c e  has a secondary e f f e c t  i f  s u f f i -  
c i e n t l y  smal l  t i m e  s t e p s  a r e  employed i n  t h e  c a l c u l a t i o n s .  T h i s  j u s t i f i e s  t h e  
a d d i t i o n  o f  a new f l u c t u a t i n g  v e l o c i t y  t o  t h e  d r o p l e t  mean v e l o c i t y  e v e r y  t i m e  
s tep ,  even though b o t h  t h e  d r o p l e t  r e s i d e n c e  t i m e  i n  an eddy and t h e  eddy l i f e -  
t i m e  a r e  f u n c t i o n s  of  space and t i m e .  However, i f  t h e  t i m e  s t e p  i s  n o t  s u f f i -  
c i e n t l y  s m a l l ,  t h e  r e s u l t s  shown i n  f i g u r e  1 i n d i c a t e  t h a t  l a r g e  errors may 
r e s u l t  i f  a new f l u c t u a t i n g  v e l o c i t y  i s  added t o  t h e  d r o p l e t  mean v e l o c i t y  e v e r y  
t i m e  s t e p .  
Numerical  c a l c u l a t i o n s  showed t h a t  t h e  p e n e t r a t i o n  r a t e  i s  a f u n c t i o n  o f  
t h e  imposed v e l o c i t y  a t  t h e  i n j e c t o r  and a weak f u n c t i o n  o f  t h e  d i s c h a r g e  c o e f f i -  
c i e n t .  By impos ing  t h e  gas-phase v e l o c i t y  and t h e  d r o p l e t  v e l o c i t y  a t  t h e  i n j e c -  
tor  as t h e  e x p e r i m e n t a l l y  e x t r a p o l a t e d  v e l o c i t i e s ,  v e r y  good agreement was 
found .  However, i f  no v e l o c i t y  i s  imposed i n  t h e  gas phase a t  t h e  i n j e c t o r ,  
o v e r p e n e t r a t i o n  i s  observed.  
I t  was a l s o  found  t h a t  once t h e  p roper  v e l o c i t y  i s  imposed a t  t h e  i n j e c t o r ,  
t h e  p e n e t r a t i o n  r a t e  i s  o n l y  a weak f u n c t i o n  o f  t h e  assumed d r o p l e t  d i s t r i b u -  
t i o n .  T h i s  i s  expec ted  f o r  d r o p l e t  d i s t r i b u t i o n s  composed p r e d o m i n a n t l y  o f  
10-pm d r o p l e t s ,  s i n c e  t h e y  e a s i l y  exchange t h e i r  momentum w i t h  t h e  gas phase. 
La rge r  p e n e t r a t i o n s  were observed when u s i n g  l a r g e r  d r o p l e t s  because t h e y  
exchange t h e i r  momentum l e s s  e f f e c t i v e l y  w i t h  t h e  gas phase. 
F i g u r e  1 shows t h a t  t h e  computed p e n e t r a t i o n  r a t e s  decrease f a s t e r  t h a n  t h e  
I f  c o l l i s i o n s  
e x p e r i m e n t a l  ones near  t h e  l a t t e r  p a r t s  o f  t h e  p e n e t r a t i o n  r a t e  cu rves .  T h i s  
c o u l d  be e x p l a i n e d  by absence o f  c o l l i s i o n s  i n  t h e  p r e s e n t  model. 
o c c u r r e d ,  l a r g e r  d r o p l e t s  would g r a d u a l l y  form, and i n c r e a s e d  p e n e t r a t i o n  r a t e s  
would r e s u l t .  However, i n  t h e  i n i t i a l  s tages o f  p e n e t r a t i o n  t h e  most i m p o r t a n t  
parameters  a r e  ( 1 )  t h e  spread r a t e  i n  t h e  l i g a m e n t  reg ime and t h e  imposed 
v e l o c i t y  i n  t h e  gas phase, and ( 2 )  t h e  t o t , a l  momentum a i n j e c t e d  i n t o  t h e  compu- 
t a t i o n a l  domain. On ly  l a t e r  do o t h e r  e f f e c t s  become s i g n i f i c a n t .  
I n  f i g u r e  2 t h e  gas-phase v e l o c i t y  and d r o p l e t  l o c a t i o n s  a r e  shown for an 
ambient p r e s s u r e  o f  50 atm. F i g u r e  2 c l e a r l y  i n d i c a t e s  t h a t  gas i s  drawn down 
a l o n g  t h e  w a l l  and i n t o  t h e  sp ray .  A t  t h e  head o f  t h e  sp ray ,  a r o l l u p  v o r t e x  
can be seen. 
F i g u r e  2 shows t h a t  t h e  r a d i a l  ( r )  d i r e c t i o n  i s  s u f f i c i e n t l y  l a r g e  for  t h e  
no -g rad ien t  boundary c o n d i t i o n s  a t  r = 3 cm to  be a c c u r a t e .  The c a l c u l a t i o n s  
were i n t e r r u p t e d  b e f o r e  t h e  a x i a l  boundary c o n d i t i o n  a t  x = 10 cm became 
i n v a l i d .  La rge r  d r o p l e t s  p e n e t r a t e  f a r t h e r  than  sma l l  d r o p l e t s ,  and g r a d u a l l y  
t h e  spray head i s  e n r i c h e d  w i t h  l a r g e  d r o p l e t s .  The t i p  d r o p l e t  ( i . e . ,  t h e  one 
w i t h  t h e  f a r t h e s t  a x i a l  p e n e t r a t i o n )  i s  a lways s l i g h t l y  b e h i n d  t h e  t i p  o f  t h e  
gas-phase head v o r t e x .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  assumpt ion  o f  i n c o m p r e s s i b i l -  
i t y  and w i t h  t h e  f a c t  t h a t  i n f o r m a t i o n  i n  t h e  gas phase t r a v e l s  a t  an i n f i n i t e  
speed and makes t h e  gas aware o f  t h e  d r o p l e t s '  presence b e f o r e  t h e i r  a c t u a l  
a r r i v a l .  
Two-Stroke D i e s e l  Engine Mode l i ng  
The engine geometry used i n  t h e  c a l c u l a t i o n s  r e p o r t e d  he re  resembles a 
s tandard  s ide -po r ted ,  two-stroke engine p r o v i d e d  w i t h  a f l a t  p i s t o n ,  an i n l e t  
p o r t ,  and an exhaust  v a l v e .  The i n l e t  p o r t  c o n s i s t s  of a c i r c u m f e r e n t i a l  o r i -  
f i c e  l o c a t e d  a t h e  c y l i n d e r  w a l l ;  t h i s  o r i f i c e  i s  covered and uncovered b y  t h e  
p i s t o n .  The exhaust  v a l v e  i s  s i m u l a t e d  as an i n f i n i t e s i m a l l y  t h i n  d i s k  wh ich  
p e n e t r a t e s  i n t o  t h e  eng ine  c y l i n d e r  i n  t h e  expans ion  s t r o k e .  The v a l v e  stem i s  
i n f i n i t e s i m a l l y  t h i n  and c o i n c i d e s  w i t h  t h e  c y l i n d e r  a x i s  ( r e f .  3 0 ) .  The i n t a k e  
p o r t  i s  connected t o  a t u r b o c h a r g e r ,  wh ich  p r o v i d e s  a i r f l o w  a t  1.35 atm. The 
i n t a k e  f low has t h r e e  v e l o c i t y  components: a x i a l ,  a z i m u t h a l ,  and r a d i a l .  An 
e f f e c t i v e  compression r a t i o  of 15 t o  1 a t  1000 rpm was assumed. The g e o m e t r i c a l  
c h a r a c t e r i s t i c s  o f  t h e  two-s t roke  d i e s e l  eng ine  cons ide red  i n  t h i s  s t u d y  a r e  p re -  
sented  i n  t a b l e  I .  
Tab le  I 1  summarizes t h e  cases p resen ted  i n  t h i s  r e p o r t .  S w i r l  was induced 
d u r i n g  t h e  f l o w t h r o u g h  p e r i o d  a t  t h e  i n t a k e  p o r t .  The ang le  between t h e  a z i -  
mutha l  and r a d i a l  v e l o c i t y  components a t  t h e  i n t a k e  p o r t  was v a r i e d  from 0" t o  
45" .  A c o n s t a n t  mass f l ow  r a t e  a t  t h e  i n l e t  p o r t  was used. 
The e f f e c t s  o f  eng ine  speed (1000, 1500, and 2000 rpm) were s t u d i e d  f o r  a 
spray  cone a n g l e  of 156" w i t h  and w i t h o u t  s w i r l ,  and f o r  a Rosin-Rammler d r o p l e t  
d i s t r i b u t i o n  f u n c t i o n  w i t h  a maximum number d e n s i t y  a t  a d r o p l e t  d i a m e t e r  o f  
30.8 pm and a maximum d r o p l e t  d iamete r  o f  50 pm. Fuel was i n j e c t e d  from 15" 
b e f o r e  top-dead-center (BTDC) t o  5" a f t e r  top-dead-center ( A T D C ) .  
The e f f e c t s  o f  s p r a y  cone a n g l e  ( 1 5 6 " ,  120",  6 0 " ,  and 2 0 " )  were s t u d i e d  a t  
1000 rpm w i t h  and w i t h o u t  s w i r l  f o r  t h e  same d r o p l e t  d i s t r i b u t i o n  f u n c t i o n  and 
i n j e c t i o n  i n t e r v a l  as d e s c r i b e d  i n  t h e  p r e c e d i n g  paragraph.  
The e f f e c t s  of i n j e c t i o n  ang le  (15" ,  30",  and 45"  BTDC t o  5" ATDC) were 
s t u d i e d  f o r  Rosin-Rammler d r o p l e t  d i s t r i b u t i o n  f u n c t i o n s  c o r r e s p o n d i n g  t o  
= 30.8 pm and dmax = 50 pm, and dpeak = 60 pm and dmax = 100 pm, where dmax 
and dpeak 
t h e  peak o f  t h e  Rosin-Rammler d i s t r i b u t i o n  f u n c t i o n ,  r e s p e c t i v e l y .  
dpeak 
cor respond t o  t h e  maximum d r o p l e t  d iamete r  and t o  t h e  l o c a t i o n  o f  
For a sp ray  cone ang le  o f  156", t h e  n o - s l i p  c o n d i t i o n  between t h e  gas and 
l i q u i d  phases was imposed a t  t h e  i n j e c t o r ;  t h e  d r o p l e t s  were i n j e c t e d  a t  293 K ,  
a t  a p r e s s u r e  equal  t o  t h a t  of t h e  c y l i n d e r ,  and a t  random a x i a l  and r a d i a l  l oca -  
t i o n s  near  t h e  c y l i n d e r  head and t h e  c y l i n d e r  c e n t e r l i n e  t o  s i m u l a t e  t h e  
uns teady  breakup o f  t h e  l i q u i d  j e t  and l i g a m e n t s  i n t o  d r o p l e t s .  A Rosin-Rammler 
d r o p l e t  d i s t r i b u t i o n  f u n c t i o n  was used, and d r o p l e t s  were i n j e c t e d  so t h a t  s to i -  
c h i o m e t r y  of  0.689 was o b t a i n e d .  The d r o p l e t  d i s t r i b u t i o n  f u n c t i o n  was spanned 
b y  10 d r o p l e t  packe ts .  F i f t e e n  packe ts  were i n j e c t e d  p e r  t i m e  s t e p  f o r  a 
d i s t r i b u t i o n  w i t h  dmax = 100 pm; 10 d r o p l e t  p a c k e t s  p e r  t i m e  s t e p  were i n j e c t e d  
f o r  a d i s t r i b u t i o n  w i t h  dmax = 50 pm. 
t i m e  s t e p  co r respond ing  t o  0 . 5  c r a n k s h a f t  a n g l e  degrees a t  1000 rpm, and i n j e c -  
t i o n  l a s t e d  from 15" BTDC t o  5" ATDC. Thus, 40 t i m e  s teps  were used t o  s i m u l a t e  
i n j e c t i o n ;  t h e y  cor respond t o  400 i n j e c t e d  d r o p l e t  p a c k e t s .  The number o f  drop- 
l e t s  i n  each packe t  depended on t h e  packe t  number used t o  d i s c r e t i z e  t h e  d r o p l e t  
d i s t r i b u t i o n  f u n c t i o n .  A t  most 10 000 d r o p l e t s  were used i n  t h e  c a l c u l a t i o n s .  
Numerical s t u d i e s  ( r e f .  26) have shown t h a t  t h i s  number i s  more t h a n  adequate t o  
p r e d i c t  t h e  f low f i e l d .  Comparisons w i t h  exper imen ta l  d a t a  ( r e f .  26) have a l s o  
shown t h a t  good agreement can be o b t a i n e d  w i t h  fewer  d r o p l e t s .  
The computa t ions  were per fo rmed w i t h  a 
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E f f e c t s  o f  S w i r l  
S w i r l  i s  d e f i n e d  he re  as t h e  ang le  between t h e  a z i m u t h a l  and r a d i a l  v e l o c i -  
t i e s  a t  t h e  i n l e t  p o r t ,  wh ich  i s  c i r c u m f e r e n t i a l  and l o c a t e d  a t  t h e  c y l i n d e r  
w a l l .  The s w i r l  a n g l e  was v a r i e d  from 0" t o  45" .  
L i q u i d  f u e l  was i n j e c t e d  between 15" BTDC and 5" ATDC i n  an amount t h a t  
corresponded to  an e q u i v a l e n c e  r a t i o  o f  0.689 and an i n j e c t i o n  v e l o c i t y  o f  
21.50 m/sec. 
l i n e .  T h i s  ang le  was s e l e c t e d  so t h a t  t h e  sp ray  d i d  n o t  s t r i k e  t h e  p i s t o n .  The 
f u e l  was i n j e c t e d  a t  a tempera tu re  o f  293 K ,  w i t h  a peak p o i n t  i n  t h e  Rosin- 
Rammler d i s t r i b u t i o n  a t  30.8 pm. 
p r e s c r i b e d  t h r o u g h o u t  t h e  eng ine  c y c l e .  
The i n j e c t i o n  a n g l e  was 78" w i t h  r e s p e c t  to  t h e  c y l i n d e r  c e n t e r -  
A c o n s t a n t  w a l l  t empera tu re  o f  500 K was 
For t h e  h o l l o w  sp ray  employed i n  t h e  two-s t roke  eng ine  c a l c u l a t i o n s ,  drop- 
l e t  coa lescence and c o l l i s i o n s  a r e  l e s s  i m p o r t a n t  t han  f o r  a s o l i d  sp ray  because 
of t h e  expand ing  su r face  a r e a  of t h e  sp ray .  D r o p l e t  b reakup,  however, may be 
i m p o r t a n t  i n  d e t e r m i n i n g  t h e  sp ray  p e n e t r a t i o n ,  v a p o r i z a t i o n ,  and m i x i n g  i n  
h igh -p ressu re  h o l l o w  sprays  ( r e f .  1 1 ) .  
Some o f  t h e  numer i ca l  r e s u l t s  o b t a i n e d  under motored c o n d i t i o n s  a r e  
p r e s e n t e d  i n  t h e  f o l l o w i n g  f i g u r e s .  The d i f f e r e n t  l e v e l s  o f  s w i r l  a r e  i d e n t i -  
f i e d  by  t h e  ang le  between t h e  az imu tha l  and r a d i a l  v e l o c i t y  components a t  t h e  
i n l e t  p o r t .  These f i g u r e s  i l l u s t r a t e  t h e  v e l o c i t y  f i e l d ,  f u e l  p e n e t r a t i o n ,  
v a p o r i z a t i o n ,  and m i x i n g  t h r o u g h o u t  t h e  two-s t roke  eng ine  c y c l e .  
I n  f i g u r e  3 ,  t h e  v e l o c i t y  p r o f i l e s  i n  t h e  r - x  p l a n e  d u r i n g  t h e  i n t a k e  
s t r o k e  i s  shown a t  200" ATDC when t h e  i n t a k e  p o r t  and t h e  e-xhaust v a l v e  a r e  open 
f o r  t h e  s w i r l  ang les  0" and 22.5".  I n  t h i s  f i g u r e ,  as w e l l  as i n  those  t o  be 
p r e s e n t e d  l a t e r  i n  t h i s  r e p o r t ,  t h e  ar rows r e p r e s e n t  t h e  d i r e c t i o n  and r e l a t i v e  
magnitude o f  t h e  v e l o c i t y  component s t o r e d  a t  each g r i d  p o i n t  t h r o u g h o u t  t h e  
domain. The domain i s  bounded on t h e  l e f t ,  r i g h t ,  and t o p  by  t h e  c y l i n d e r  head, 
p i s t o n  f a c e ,  and c y l i n d e r  w a l l ,  r e s p e c t i v e l y .  The b o t t o m  o f  each p l o t  i s  t h e  
l i n e  o f  symmetry o f  t h e  two-dimensional  ax i symmet r i c  c o n f i g u r a t i o n .  The a x i a l  
d i r e c t i o n  ranges from z e r o  t o  t h e  p i s t o n  f a c e  ( n o t e  t h a t  t h i s  d imens ion  v a r i e s  
w i t h  c r a n k s h a f t  a n g l e ) ,  and t h e  r a d i a l  p o s i t i o n  ranges from t h e  c e n t e r l i n e  t o  
t h e  c y l i n d e r  w a l l .  For convenience, t h e  p i s t o n  always appears a t  t h e  same l o c a -  
t i o n .  Note t h a t  t h i s  i s  e q u i v a l e n t  t o  p r e s e n t i n g  t h e  r e s u l t s  i n  t h e  f i x e d  domain 
used i n  t h e  c a l c u l a t i o n s .  
F i g u r e  3 ( c >  shows a h o l l o w  c i r c u l a r  c y l i n d e r  o f  r a d i u s  R t h a t  i s  c l o s e d  
a t  one end by a f l a t  p i s t o n  wh ich  moves up and down i n  t h e  c y l i n d e r .  The o t h e r  
end o f  t h e  c y l i n d e r  i s  c l o s e d  by a f l a t  c y l i n d e r  head. The p i s t o n  i s  connected  
t o  t h e  c r a n k s h a f t  ( c r a n k s h a f t  throw o f  r a d i u s  
( l e n g t h  lc). The p i s t o n  moves i n  a c y c l i c  manner as t h e  c r a n k s h a f t  r o t a t e s  a t  
a p r e s c r i b e d  a n g u l a r  v e l o c i t y  Q. The c lea rance  C d e f i n e s  t h e  minimum d i s -  
tance between t h e  p i s t o n  and t h e  c y l i n d e r  head. Bottom-dead-center (BDC) c o i n -  
c i d e s  w i t h  t h e  p i s t o n ' s  f a r t h e s t  d i s t a n c e  from t h e  c y l i n d e r  head. C r a n k s h a f t  
ang le  S = R t  i s  a r b i t r a r i l y  ass igned  such t h a t  z e r o  c r a n k s h a f t  degrees (0")  
cor responds t o  top-dead-center (TDC) ,  and 180 c r a n k s h a f t  degrees (180") c o r r e -  
sponds t o  BDC. The d i s t a n c e  between t h e  p i s t o n  and t h e  c y l i n d e r  head i s  denoted 
by  6.  The v a l v e  arrangement cor responds a p p r o x i m a t e l y  t o  those  f o u n d  i n  p e r i p h -  
e r y  i n t a k e  p o r t ,  two -s t roke  d i e s e l  eng ines .  The exhaust  p o r t  o f  r a d i u s  rv i s  
c e n t r a l l y  l o c a t e d  i n  t h e  c y l i n d e r  head, and i s  covered and uncovered by  t h e  
exhaust  v a l v e ,  s i m u l a t e d  by  an i n f i n i t e s i m a l l y  t h i n  d i s k .  The p l a t e  p e n e t r a t e s  
rc t h r o u g h  a c o n n e c t i n g  r o d  
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i n t o  t h e  c y l i n d e r  a t  p r e s c r i b e d  c ranksha f t  ang les ,  mode l i ng  t h e  open ing  and c l o s -  
i n g  process  i n  a r e a l  eng ine .  The exhaust  v a l v e  opens a t  108" ATDC and c l o s e s  
a t  210" ATDC. From 138" t o  180" ATDC t h e  v a l v e  i s  s t a t i o n a r y  i n  t h e  f u l l y  open 
p o s i t i o n  VI .  From 108" t o  138" ATDC t h e  v a l v e  u n i f o r m l y  opens, and from 180" 
t o  210" ATDC i t  u n i f o r m l y  c l o s e s .  
F i g u r e  3 shows t h a t  a c l o c k w i s e - r o t a t i n g  eddy i s  formed near  t h e  c y l i n d e r  
w a l l  because o f  t h e  incoming a i r  f low. I n  t h e  f l o w t h r o u g h  p e r i o d ,  when b o t h  t h e  
i n t a k e  p o r t  and t h e  exhaus t  v a l v e  a r e  open, a counterclockwise-rotating eddy i s  
formed above t h e  v a l v e  s e a t .  
observed ( r e f s .  17 t o  2 0 > . >  The f low between t h e  exhaus t  v a l v e  and t h e  exhaus t  
p o r t  l eaves  t h e  c y l i n d e r ,  whereas t h e  f low between t h e  exhaust  v a l v e  and t h e  p i s -  
t o n  i s  d i r e c t e d  toward  t h e  p i s t o n .  
( S i m i l a r  f low p a t t e r n s  have been p r e v i o u s l y  
For a s w i r l  a n g l e  o f  22 .5" ,  t h e  g l o b a l  flow f i e l d  i s  s i m i l a r  t o  t h a t  f o r  
t h e  n o - s w i r l  c o n d i t i o n s .  However, d i f f e r e n c e s  e x i s t  i n  t h e  magn i tude and l o c a -  
t i o n  o f  t h e  e d d i e s .  The c y l i n d e r  w a l l  eddy i s  s m a l l e r  and c l o s e r  t o  t h e  p i s t o n  
t h a n  f o r  t h e  n o - s w i r l  c o n d i t i o n s .  The counterclockwise-rotating eddy i s  s m a l l e r  
and c l o s e r  to  t h e  c y l i n d e r  w a l l  t h a n  f o r  t h e  n o - s w i r l  c o n d i t i o n s .  
Turbu lence energy  p r o f i l e s  a r e  shown i n  f i g u r e  4 a t  210" ATDC for  s w i r l  
ang les  0" and 22 .5" .  I n  t h i s  f i g u r e ,  t h e  v e r t i c a l  a x i s  cor responds t o  t h e  na tu-  
r a l  l o g a r i t h m  o f  t h e  t u r b u l e n t  k i n e t i c  energy  ( i n  crn2/sec2>. 
o f  0",  f i g u r e  4 shows t h a t  t h e  l a r g e s t  l e v e l  of s w i r l  o c c u r s  nea r  t h e  exhaust  
v a l v e  p o r t ,  where t h e  f low i s  a c c e l e r a t e d  d u r i n g  t h e  exhaust  s t r o k e .  The t u r b u -  
l e n c e  l e v e l s  nea r  t h e  i n t a k e  p o r t  a r e  s m a l l e r  t han  those  near  t h e  exhaus t  p o r t  
because o f  t h e  reduced v e l o c i t i e s  i n  t h a t  r e g i o n .  For t h e  s w i r l  a n g l e  o f  22 .5" ,  
f i g u r e  4 i n d i c a t e s  t h a t  s w i r l  genera tes  a d d i t i o n a l  t u r b u l e n c e  near  t h e  exhaus t  
v a l v e .  
o r i e n t e d .  C o n s e r v a t i o n  o f  a n g u l a r  momentum d i c t a t e s  t h a t  l a r g e  a z i m u t h a l  v e l o c -  
i t y  must o c c u r  as t h e  gas i s  swept a l o n g  t h e  c y l i n d e r  head and o u t  o f  t h e  exhaust  
v a l v e .  T h i s  r e s u l t s  i n  l a r g e  v e l o c i t y  g r a d i e n t s  and l a r g e  l e v e l s  o f  t u r b u l e n t  
k i n e t i c  energy  near  t h e  exhaus t  v a l v e .  Also, as s w i r l  i s  i nc reased ,  t u r b u l e n c e  
i s  c o n f i n e d  c l o s e r  to  t h e  c y l i n d e r  head a t  210" ATDC. 
For a s w i r l  a n g l e  
A s  t h e  gas moves o u t  of t h e  exhaust  v a l v e ,  t h e  flow i s  n e a r l y  a x i a l l y  
The e f f e c t s  o f  s w i r l  l e v e l s  on  d r o p l e t  t r a j e c t o r i e s ,  d r o p l e t  l o c a t i o n s ,  and 
f u e l  v a p o r i z a t i o n  a r e  shown i n  f i g u r e s  5 and 6 .  These f i g u r e s  show t h e  gas- 
phase v e l o c i t y  p r o f i l e s  and t h e  d r o p l e t  l o c a t i o n s ,  and t h e  f u e l  mass f r a c t i o n  
i s o c o n t o u r s  a t  350" ATDC. Note t h a t  l i q u i d  f u e l  i s  i n j e c t e d  a t  345" ATDC from a 
c o n i c a l  s p r a y  l o c a t e d  near  t h e  c y l i n d e r  head c e n t e r l i n e .  
F i g u r e  5 i n d i c a t e s  t h a t  momentum exchange between t h e  l i q u i d  and gas phases 
d r i v e s  t h e  f low near  t h e  i n j e c t o r  and i s  fundamental  i n  e s t a b l i s h i n g  l a r g e - s c a l e  
mot ions  i n  t h e  c y l i n d e r .  P i s t o n - d r i v e n  flow accounts  f o r  t h e  o n l y  o t h e r  m o t i o n  
near TDC and i s  o f  n e g l i g i b l e  impor tance compared w i t h  t h e  i n j e c t i o n  v o r t e x .  
The spray  i n j e c t i o n  c r e a t e s  a c l o c k w i s e - r o t a t i n g  t o r o i d a l  v o r t e x ,  wh ich  grows i n  
t h e  r a d i a l  and a x i a l  d i r e c t i o n s  as more f u e l  mass i s  i n j e c t e d .  Most o f  t h e  drop- 
l e t s  a r e  e n t r a i n e d  by  t h e  i n j e c t i o n  v o r t e x  and a r e  swept toward  t h e  p i s t o n .  D i s -  
p e r s i o n  a c c o r d i n g  t o  s i z e  occu rs  near  t h e  sp ray  t i p  and near t h e  i n j e c t o r ,  where 
c r o s s - f l o w  i n  t h e  v o r t e x  sweeps s m a l l e r  d r o p l e t s  towards t h e  end. Small  d r o p l e t s  
fo l low t h e  l a r g e - s c a l e  m o t i o n  a lmos t  e x a c t l y .  V a p o r i z a t i o n  i s  r a p i d  because o f  
t h e  e l e v a t e d  tempera tures  i n  t h e  c y l i n d e r ;  most of t h e  s m a l l e r  d r o p l e t s  v a p o r i z e  
b e f o r e  t h e y  r e a c h  t h e  p i s t o n .  
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For a s w i r l  a n g l e  o f  22 .5" ,  f i g u r e  5(b)  shows much more complex gas-phase 
v e l o c i t y  p r o f i l e s  t h a n  were p r e s e n t  i n  t h e  n o - s w i r l  case, a l t h o u g h  s i m i l a r  
t r e n d s  a r e  seen near  t h e  i n j e c t o r .  The i n j e c t i o n  v o r t e x  deve lops  i n  t h e  
c l e a r a n c e  space between t h e  head and p i s t o n  near  t h e  i n j e c t o r .  Momentum exchange 
d r i v e s  t h e  gas-phase v e l o c i t y  i n  t h a t  r e g i o n ,  and d r o p l e t s  tend  t o  fo l low t h e  
d e v e l o p i n g  l a r g e - s c a l e  m o t i o n s .  Away from t h e  i n j e c t o r ,  t h e  s w i r l - i n d u c e d  
l a r g e - s c a l e  mo t ions  a r e  d r a s t i c a l l y  d i f f e r e n t  from those i n  t h e  n o - s w i r l  case. 
A s t r o n g  r a d i a l  v e l o c i t y  component f l ow  occup ies  t h e  m i d c y l i n d e r  r e g i o n ,  and two 
v o r t e x e s  r e t u r n  mass a l o n g  t h e  c y l i n d e r  head and p i s t o n  f a c e .  The e f f e c t s  of  
p i s t o n  m o t i o n  and t h e  s w i r l - i n d u c e d  p r o f i l e s  a r e  c l e a r l y  e v i d e n t  and a r e  n o t  o f  
secondary impor tance  compared t o  t h e  i n j e c t i o n  v o r t e x .  S i g n i f i c a n t  c o u p l i n g  
occu rs  between t h e  i n j e c t i o n - g e n e r a t e d  v o r t e x  and t h e  s w i r l - c r e a t e d  v o r t e x e s  and 
tends  t o  draw t h e  d r o p l e t s  deeper i n t o  t h e  c y l i n d e r ,  t hus  i n c r e a s i n g  t h e  l i q u i d  
f u e l  p e n e t r a t i o n .  
Fuel  mass f r a c t i o n  i s o c o n t o u r s  a r e  shown i n  f i g u r e  6 i n  o r d e r  t o  i l l u s t r a t e  
t h e  f u e l  v a p o r i z a t i o n  and m i x i n g  as a f u n c t i o n  o f  t h e  s w i r l  a n g l e .  The r e s u l t s  
p resen ted  i n  f i g u r e  6 cor respond t o  pu re  n-dodecane. For a s w i r l  a n g l e  o f  0", 
f i g u r e  6 shows t h e  p e n e t r a t i o n  o f  t h e  v a p o r i z e d  f u e l  a t  350" ATDC. The f u e l  
mass f r a c t i o n  i s o c o n t o u r s  a r e  r e l a t e d  t o  t h e  l o c a t i o n  and s i z e  o f  t h e  d r o p l e t s  
shown i n  f i g u r e  7 .  The v a p o r i z e d  f u e l  d i s p l a c e s  t h e  oxygen ( n o  combust ion  i s  
p r e s e n t  i n  t h e  c a l c u l a t i o n s  r e p o r t e d  h e r e )  and i s  d i f f u s e d  i n  t h e  r a d i a l  and 
a x i a l  d i r e c t i o n s .  
F i g u r e  6 a l s o  shows t h e  e f f e c t s  o f  s w i r l  on t h e  f u e l  mass f r a c t i o n  p ro -  
f i l e s ,  f o r  a s w i r l  a n g l e  of 22.5'.  A s  i n  f i g u r e  5, t h e  f u e l  mass f r a c t i o n  con- 
t o u r s  a r e  m o d e r a t e l y  i n s e n s i t i v e  t o  t h e  amount of s w i r l  p r e s e n t  i n  t h e  c y l i n d e r .  
(The main mechanisms r e s p o n s i b l e  for v a p o r i z a t i o n ,  t empera tu re  and f u e l  mass 
f r a c t i o n ,  a r e  l a r g e l y  u n a f f e c t e d  by  i n c r e a s e d  l e v e l s  o f  s w i r l ,  because t h e  sp ray  
c o m p l e t e l y  d r i v e s  t h e  f low near  t h e  i n j e c t o r . )  A moderate change i n  p r o f i l e s  
can be observed between t h e  n o - s w i r l  and t h e  22.5' s w i r l  cases, b u t  a lmos t  no  
change o c c u r s  w i t h  i n c r e a s i n g  l e v e l s  o f  s w i r l .  A l t hough  s w i r l  i n c r e a s e s  t h e  d i s -  
p e r s i o n  o f  t h e  r e m a i n i n g  d r o p l e t s  e a r l y  i n  t h e  expans ion  s t r o k e ,  these d r o p l e t s  
do  n o t  have a p p r e c i a b l e  mass t o  v a p o r i z e .  Most o f  t h e  v a p o r i z a t i o n  t h a t  o c c u r s  
does so e a r l y  a f t e r  i n j e c t i o n  i n  t h e  r e g i o n s  where i n j e c t i o n - i n d u c e d  flows domi- 
n a t e .  Hence f u e l  p e n e t r a t i o n  and v a p o r i z a t i o n  a r e  f a i r l y  i n s e n s i t i v e  t o  
i n c r e a s e d  l e v e l s  o f  s w i r l .  I t  shou ld  be p o i n t e d  o u t  t h a t  t h i s  i n s e n s i t i v i t y  may 
be due t o  t h e  i n i t i a l  d r o p l e t  d iamete rs  employed i n  t h e  c a l c u l a t i o n s  r e p o r t e d  
he re .  For i n i t i a l  l a r g e r  d r o p l e t  d iamete rs ,  i t  i s  expec ted  t h a t  s w i r l  w i l l  have 
a p r o f o u n d  e f f e c t  on  d e t e r m i n i n g  t h e  f u e l  p e n e t r a t i o n  and v a p o r i z a t i o n .  
F i g u r e  7 i n d i c a t e s  t h i s  t r e n d  more d r a m a t i c a l l y .  The f i g u r e  shows t h e  theo-  
r e t i c a l l y  i n j e c t e d  mass and t h e  gaseous f u e l  mass p l o t t e d  as a f u n c t i o n  o f  c rank-  
s h a f t  a n g l e  for  t h e  f i v e  s w i r l  cases s t u d i e d  i n  t h i s  r e p o r t .  I n j e c t i o n  ends a t  
5" ATDC, and v a p o r i z a t i o n  i s  n e a r l y  completed by  15" ADTC i n  t h e  n o - s w i r l  case 
and i n  t h e  11.25' s w i r l  case. For t h e  o t h e r  s w i r l  cases, s i m i l a r  degrees o f  
v a p o r i z a t i o n  o c c u r  a round 10" ATDC. Very  few d i f f e r e n c e s  a r e  d e t e c t a b l e  among 
these r e m a i n i n g  s w i r l  cases. A l t h o u g h  medium and h i g h  s w i r l  r e s u l t e d  i n  perhaps 
a 15- t o  25-percent  i n c r e a s e  i n  v a p o r i z a t i o n  r a t e ,  t h e  g l o b a l  e f f e c t  i s  a second- 
a r y  one s i n c e  t h e  v a p o r i z a t i o n  i s  so r a p i d .  
I n  o r d e r  t o  ach ieve  b e t t e r  f u e l - a i r  m i x i n g ,  l a r g e r  sp ray  p e n e t r a t i o n s  a r e  
needed; these  can be ach ieved  by i n j e c t i n g  w i t h  h i g h e r  v e l o c i t i e s  or by  i n j e c t -  
i n g  l a r g e r  d r o p l e t s .  I n  t h e  c a l c u l a t i o n s  p resen ted  i n  t h i s  r e p o r t ,  t h e  peak o f  
t h e  Rosin-Rammler d i s t r i b u t i o n  cor responds t o  30.8 pm, and t h e  maximum d r o p l e t  
d iamete r  i s  50 pm. B e t t e r  f u e l - a i r  m i x i n g  may a l s o  be ach ieved by  i n j e c t i n g  ea r -  
l i e r  i n  t h e  compression stroke, where t h e  gas-phase tempera tu re  i s  l ower  and t h e  
f u e l  v a p o r i z a t i o n  r a t e  i s  s m a l l e r .  I n c r e a s i n g  t h e  maximum d r o p l e t  d iamete r  
r e q u i r e s  t h e  use of more d r o p l e t  p a c k e t s .  I n  t h e  c a l c u l a t i o n s  r e p o r t e d  he re ,  a 
maximum o f  15 d r o p l e t  packe ts  were i n j e c t e d  e v e r y  t i m e  s t e p  a t  5 d i f f e r e n t  spa- 
t i a l  l o c a t i o n s .  A maximum number of 200 i n j e c t i o n  t i m e  s teps  was used. T h i s  
cor responds t o  abou t  15 000 t o t a l  i n j e c t e d  d r o p l e t  packe ts .  D e t a i l e d  ana lyses  
o f  t h e  e f f e c t s  o f  s w i r l  on  t h e  flow f i e l d  and f u e l  sp ray  p e n e t r a t i o n ,  v a p o r i z a -  
t i o n ,  and m i x i n g  as a f u n c t i o n  o f  c r a n k s h a f t  a n g l e  and s w i r l  a n g l e  a r e  
p resen ted  i n  appendix A .  
These s w i r l  s t u d i e s  i n d i c a t e  t h a t  f o r  t h e  same amount o f  i n j e c t e d  f u e l ,  
sp ray  cone ang le ,  i n j e c t i o n  v e l o c i t y ,  and d r o p l e t  s i z e  d i s t r i b u t i o n ,  l a r g e  s w i r l  
ang les  r e s u l t  i n  f a s t e r  v a p o r i z a t i o n  r a t e s ,  l a r g e r  f u e l  p e n e t r a t i o n ,  and b e t t e r  
f u e l - a i r  m i x i n g .  I n  o r d e r  t o  o b t a i n  a b e t t e r  f u e l - a i r  m i x i n g ,  c a l c u l a t i o n s  need 
t o  be per fo rmed w i t h  d i f f e r e n t  i n j e c t i o n  v e l o c i t i e s ,  d r o p l e t  s i z e  d i s t r i b u t i o n ,  
sp ray  cone a n g l e s ,  i n j e c t i o n  r a t e s ,  and i n j e c t i o n  t imes  i n  o r d e r  t o  assess t h e  
e f f e c t s  o f  these  parameters  on  t h e  sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  and on  t h e  
f u e l - a i r  m i x i n g .  The u l t i m a t e  goa l  o f  these s t u d i e s  i s  t o  de te rm ine  t h e  optimum 
i n j e c t i o n  c o n d i t i o n s  t o  a c h i e v e  good m i x i n g  between t h e  f u e l  and t h e  o x i d i z e r .  
I n j e c t i o n  o p t i m i z a t i o n  s t u d i e s  g e n e r a l l y  i n c l u d e  t h e  e f f e c t s  o f  eng ine  
speed, i n j e c t i o n  a n g l e ,  i n j e c t i o n  d u r a t i o n ,  i n j e c t i o n  r a t e ,  s q u i s h ,  and s w i r l .  
The e f f e c t s  o f  eng ine  speed, i n j e c t i o n  ang le ,  sp ray  cone a n g l e ,  and d r o p l e t  d i s -  
t r i b u t i o n  f r i c t i o n  a r e  p r e s e n t e d  n e x t .  
E f f e c t s  o f  Engine Speed 
The e f f e c t s  o f  eng ine  speed on  t h e  f low f i e l d  and d r o p l e t  l o c a t i o n s  a r e  
shown i n  f i g u r e  8 .  The speeds chosen where 1500 and 2000 rpm; t h e  case o f  
1000 rpm has been i n v e s t i g a t e d  f o r  d i f f e r e n t  s w i r l  l e v e l s ,  and t h e  r e s u l t s  can 
be found  i n  appendixes B and E.  F i g u r e  8 shows t h e  u-v gas-phase v e l o c i t y  
f i e l d  and t h e  d r o p l e t  l o c a t i o n s  a t  360" ATDC f o r  0" s w i r l  ang le  and eng ine  
speeds o f  1500 and 2000 rpm. F i g u r e  8 c l e a r l y  i l l u s t r a t e s  t h e  presence o f  a 
c l o c k w i s e - r o t a t i n g  eddy l o c a t e d  near  t h e  c y l i n d e r  w a l l .  T h i s  eddy was c r e a t e d  
d u r i n g  t h e  i n t a k e  process  and p e r s i s t s  d u r i n g  a l a r g e  f r a c t i o n  o f  t h e  cornpres- 
s i o n  s t r o k e .  Fo r  convenience, t h i s  eddy i s  named t h e  " i n t a k e "  eddy. The f u e l  
i n j e c t i o n  c r e a t e s  two e d d i e s :  t h e  f i r s t  one r o t a t e s  c l o c k w i s e  and i s  l o c a t e d  
between t h e  f u e l  spray  and t h e  c y l i n d e r  c e n t e r l i n e ;  t h e  o t h e r  v o r t e x  r o t a t e s  
c o u n t e r c l o c k w i s e  and i s  l o c a t e d  between t h e  c y l i n d e r  head and t h e  f u e l  sp ray .  
For convenience, t hese  edd ies  a r e  named t h e  " c l o c k w i s e "  and " c o u n t e r c l o c k w i s e "  
i n j e c t i o n  edd ies .  
The c l o c k w i s e  i n j e c t i o n  eddy e n t r a i n s  l i q u i d  d r o p l e t s .  The amount o f  
en t ra inmen t  decreases w i t h  t h e  eng ine  speed, as shown a t  360" ATDC (or  TDC) .  
The r e s u l t s  p resen ted  i n  f i g u r e  8 defy p h y s i c a l  i n t u i t i o n  i n  some r e s p e c t s .  One 
c o u l d  expec t  t h a t  as t h e  eng ine  speed i s  i n c r e a s e d ,  t h e  t u r b u l e n c e  k i n e t i c  energy  
and gas-phase v e l o c i t y  i n c r e a s e .  T h e r e f o r e ,  t u r b u l e n t  d i s p e r s i o n  and d r o p l e t  
v a p o r i z a t i o n  r a t e  shou ld  i n c r e a s e .  The r e s u l t s  shown i n  f i g u r e  8 show t h a t  t h e  
o p p o s i t e  i s  t r u e ,  namely, t h a t  d r o p l e t  d i s p e r s i o n  decreases w i t h  t h e  eng ine  
speed. One can c o n j e c t u r e  t h a t  h i g h  l e v e l s  o f  t u r b u l e n c e  a r e  normal y a s s o c i -  
a t e d  w i t h  h i g h  l e v e l s  o f  t u r b u l e n c e  d i s s i p a t i o n  and t h a t  a t  h i g h  eng ne speed, 
t h e  d i s s i p a t i o n  terms i n  t h e  t u r b u l e n c e  k i n e t i c  energy  e q u a t i o n  a r e  a r g e r  
than  those a t  l ower  eng ine  speed. 
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. 
The r e s u l t s  p resen ted  i n  f i g u r e  8 co r respond  t o  t h e  same i n j e c t i o n  ve loc -  
i t y .  Also, t h e  n o - s l i p  c o n d i t i o n  between t h e  l i q u i d  and gas phases was used 
near  t h e  i n j e c t o r .  A s  t h e  eng ine  speed i s  i n c r e a s e d ,  t h e  p i s t o n  v e l o c i t y  and 
t h e  a x i a l  v e l o c i t y  i n c r e a s e .  S ince  t h e  d r o p l e t s  a r e  i n j e c t e d  a g a i n s t  t h e  moving 
gas f low, t h e y  exper ience  l a r g e r  d e c e l e r a t i o n s  as t h e  eng ine  speed i n c r e a s e s .  
T h i s  causes a decrease i n  t h e  d r o p l e t  v a p o r i z a t i o n  r a t e  a t  h i g h  eng ine  speed as 
compared t o  what i s  observed a t  lower speed, where t h e  gas-phase v e l o c i t y  i s  
s m a l l e r .  Fu r the rmore ,  s i n c e  t h e  d r o p l e t s  a r e  more d e c e l e r a t e d  a t  h i g h e r  eng ine  
speeds, t h e y  shou ld  come c l o s e r  t o  each o t h e r ,  as t h e  r e s u l t s  p r e s e n t e d  i n  
f i g u r e  8 i n d i c a t e .  
a p p r o x i m a t i o n  employed i n  t h i s  s t u d y  may n o t  be a p p l i c a b l e ,  and d r o p l e t  c o l l i -  
s i o n s  and coa lescence may become v e r y  i m p o r t a n t .  I n  a d d i t i o n ,  s e v e r a l  d r o p l e t s  
may be p r e s e n t  i n  a t u r b u l e n t  eddy and shou ld ,  i n  p r i n c i p l e ,  damp t h e  t u r b u l e n t  
f l u c t u t a t i o n s  i f  t h e  l o a d i n g  i n  an eddy becomes l a r g e .  The e f f e c t s  o f  seve ra l  
d r o p l e t s  i n  a t u r b u l e n t  eddy need f u r t h e r  i n v e s t i g a t i o n .  D e t a i l e d  ana lyses  o f  
t h e  e f f e c t s  o f  eng ine  speed on t h e  f low f i e l d  and f u e l  sp ray  p e n e t r a t i o n ,  v a p o r i -  
z a t i o n ,  and m i x i n g  a r e  p resen ted  i n  appendix B .  
I f  t h e  d r o p l e t  p a c k i n g  becomes v e r y  l a r g e ,  t h e  t h i n  sp ray  
The eng ine  speed has a p r o f o u n d  e f f e c t  on  t h e  f u e l  v a p o r i z a t i o n .  F i g u r e  9 ,  
wh ich  p l o t s  t h e  mass o f  f u e l  vapor  as a f u n c t i o n  o f  t h e  eng ine  speed, i n d i c a t e s  
t h a t  t h e  f u e l  v a p o r i z a t i o n  decreases w i t h  t h e  eng ine  speed. A t  1000 rpm, most 
o f  t h e  f u e l  has v a p o r i z e d  by  about  20" ATDC, whereas f u e l  remains  unvapor i zed  a t  
35" ATDC a t  1500 and 2000 rpm. The r e s u l t s  shown i n  f i g u r e  9 may be a con- 
sequence o f  t h e  combust ion  chamber geometry employed i n  t h e  c a l c u l a t i o n s  p re -  
sen ted  i n  t h i s  r e p o r t .  Note t h a t  t h e  t u r b u l e n c e  l e v e l s  i n  t h e  c y l i n d e r  i n c r e a s e  
w i t h  t h e  eng ine  speed, as d i scussed  i n  append ix  B .  Large v e l o c i t i e s  e x i s t  i n  t h e  
c y l i n d e r  a t  h i g h  eng ine  speed. These h i g h e r  v e l o c i t i e s  and t u r b u l e n c e  shou ld ,  i n  
p r i n c i p l e ,  i n c r e a s e  t h e  d r o p l e t  d r a g  and h e a t  and mass t r a n s f e r  from t h e  drop- 
l e t s .  However, s i n c e  some o f  t h e  i n j e c t i o n  v e l o c i t y  and d r o p l e t  d i s t r i b u t i o n s  
were used i n  f i g u r e  9 and t h e  n o - s l i p  c o n d i t i o n  was used a t  t h e  i n j e c t o r ,  t h e  
d r o p l e t s  move t o  h i g h e r  (and o p p o s i t e )  v e l o c i t y  r e g i o n s ,  wh ich  d e c e l e r a t e  them 
and decrease t h e  mass and h e a t  t r a n s f e r  r a t e s .  
E f f e c t s  o f  I n j e c t i o n  Ang le  
F i g u r e  10 shows t h e  e f f e c t s  o f  t h e  i n j e c t i o n  a n g l e  a t  1000 rpm for a sp ray  
cone a n g l e  o f  156". Fuel  was i n j e c t e d  i n t o  t h e  c y l i n d e r  a t  45" and 30" BTDC. 
I n  these two cases, i n j e c t i o n  was stopped a t  5" ATDC. F i g u r e  10 shows t h e  ve loc -  
i t y  v e c t o r s  and d r o p l e t  l o c a t i o n s  a t  s e l e c t e d  c r a n k s h a f t  ang les  i n  o r d e r  t o  
i l l u s t r a t e  t h e  e f f e c t s  o f  t h e  i n j e c t i o n  a n g l e  on t h e  flow f i e l d  and s p r a y  
p e n e t r a t i o n .  
For an i n j e c t i o n  a n g l e  o f  45" BTDC ( f i g .  1 0 ( a ) ) ,  t h e  sp ray  p e n e t r a t e s  a l o n g  
a 78" l i n e  w i t h  t h e  c y l i n d e r  c e n t e r l i n e  and then  i s  e n t r a i n e d  by  t h e  c l o c k w i s e  
i n j e c t i o n  eddy as t h e  d r o p l e t s  v a p o r i z e .  D r o p l e t  d i s p e r s i o n  i s  c l e a r l y  v i s i b l e  
a t  360" ATDC. A f t e r  t h e  end o f  i n j e c t i o n ,  many d r o p l e t s  a r e  e n t r a i n e d  by  t h e  
c l o c k w i s e  i n j e c t i o n  v o r t e x  b u t  a r e  unab le  t o  c o m p l e t e l y  r e c i r c u l a t e .  The drop- 
l e t s  move r a d i a l l y  toward  t h e  c y l i n d e r  w a l l  and a x i a l l y  toward  t h e  p i s t o n .  
For an i n j e c t i o n  ang le  o f  30" BTDC ( f i g .  1 0 ( b > > ,  t h e  d r o p l e t s  a r e  i n i t i a l l y  
e n t r a i n e d  by t h e  c l o c k w i s e  i n j e c t i o n  eddy and a r e  a t  a f a r t h e r  d i s t a n c e  from t h e  
c y l i n d e r  w a l l  t h a n  fo r  an i n j e c t i o n  a n g l e  o f  45" BTDC a t  360" ATDC. However, 
t h e  l a r g e r  d r o p l e t s  p e n e t r a t e  r a d i a l l y  f a r t h e r  i n t o  t h e  c y l i n d e r .  Fur thermore ,  
t h e  v a p o r i z a t i o n  r a t e  seems t o  be l a r g e r  for an i n j e c t i o n  a n g l e  o f  45" BTDC. 
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This can be easily understood, since most of the compression occurs near TDC. 
Early injection initially results in a farther fuel penetration and little vapor- 
ization. Thus, for an injection angle of 45" BTDC, the droplets are not vapor- 
ized very much and initially penetrate farther into the cylinder until they are 
decelerated. Of course, the amount of vaporization increases with time as the 
piston compresses the flow and the temperature rises because of compression. 
For an injection angle of 30" BTDC, droplet vaporization is initially larger 
because of the higher temperature in the cylinder, and the small droplets follow 
the clockwise-rotating eddy. 
The effects of injection angle on the fuel vaporization are shown in 
figure 1 1 ,  which indicates that early injection results in larger vaporization 
rates. Note that for early injections, the cylinder temperatures are low and 
that the droplets penetrate farther into the cylinder, cooling the gas phase. 
Early injection results in faster vaporization, whereas for late injection the 
droplets do not penetrate as much and the temperature decrease during expansion 
inhibits their vaporization. Detailed analyses of the effects of the injection 
angle on the flow field, fuel spray penetration, vaporization, and mixing are 
presented in appendix C. 
Effects of Spray Cone Angle 
The effects of the spray cone angle on the flow field and fuel vaporization 
are analyzed in this section. Spray cone angles of 20" and 60" were studied 
without swirl at 1000 rpm. Figure 12 shows that for the spray characteristics 
employed in this study, a spray cone angle of 20" strikes the piston at TDC. 
When the droplets hit the piston, they are reflected specularly (i.e., the angle 
of reflection is equal to the angle of incidence). 
eddy is formed near the cylinder centerline and pis 
entrainment. This eddy entrains droplets which are 
piston toward the cylinder wall. 
For a spray cone angle of 60",  similar results 
20" are obtained until the spray strikes the piston 
droplets are entrained by the injection vortex. In 
A counterclockwise-rotating 
on by the spray and gas 
displaced radi a1 ly along the 
to those of a cone angle of 
contrast with the results 
Afterward, the reflected 
presented for a spray cone angle-of 20". the results for a spray cone angle of 
60" indicate that the injection-generated vortex entrains more droplets; some of 
those droplets are displaced toward the cylinder head, others recirculate and 
vaporize. 
field and fuel spray penetration, vaporization, and mixing are presented in 
appendix D .  
Detailed analyses of the effects of the spray cone angle on the flow 
The effects of the spray cone angle on the vaporization rate are shown in 
figure 13. 
spray cone angle. 
an angle of 20". 
move along it, where they remain unvaporized. 
shown in figure 13 decreases with the spray cone angle. Therefore, it may be 
concluded that the counterclockwise-rotating injection eddy created for a cone 
angle of 20" is more effective in vaporizing the fuel droplets than that created 
by larger spray cone angles. The results shown in figure 13 clearly indicate 
that for spray cone angles larger or smaller than 120", larger vaporization 
rates are obtained than for a spray angle of 120". This seems to be due to the 
injection-generated vortex. Cf ccurse, :pray cone angles larger than 156" may 
This figure indicates that fuel vaporization increases with the 
More fuel is vaporized for a spray cone angle of 60" than for 
In the latter case, many droplets strike the cold piston and 
The slope of the fuel vapor mass 
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be s u b j e c t e d  t o  t h e  i n f l u e n c e  o f  t h e  c o l d  c y l i n d e r  head and may r e s u l t  i n  s m a l l e r  
v a p o r i z a t i o n  r a t e s .  The r e s u l t s  p r e s e n t e d  i n  f i g u r e  13 i n d i c a t e  t h a t  t h e r e  may 
be a c r i t i c a l  sp ray  a n g l e  such as 120" for which t h e  e f f e c t s  o f  t h e  i n j e c t i o n -  
generated edd ies  a r e  n o t  so i m p o r t a n t .  Note t h a t  for smal l  s w i r l  ang les ,  most 
v a p o r i z a t i o n  o c c u r s  i n  t h e  c o u n t e r c l o c k w i s e - r o t a t i n g  i n j e c t i o n - i n d u c e d  v o r t e x ,  
which i s  l o c a t e d  between t h e  spray and t h e  c y l i n d e r  w a l l ,  whereas f o r  l a r g e r  
cone ang e s  ( f o r  example, 120") most v a p o r i z a t i o n  occu rs  i n  t h e  c l o c k w i s e -  
r o t a t i n g  i n j e c t i o n - g e n e r a t e d  eddy, which i s  l o c a t e d  between t h e  sp ray  and t h e  
c y l i n d e r  c e n t e r l i n e .  Therefore,  t h e  edd ies  formed d u r i n g  t h e  i n j e c t i o n  process 
p l a y  an m p o r t a n t  ro le  i n  d e t e r m i n i n g  t h e  spray v a p o r i z a t i o n  r a t e .  
E f f e c t s  o f  D r o p l e t  D i s t r i b u t i o n  F u n c t i o n  
I n  f i g u r e  14 t h e  flow f i e l d  and d r o p l e t  l o c a t i o n s  a r e  shown f o r  t h e  two 
d r o p l e t  d i s t r i b u t i o n  f u n c t i o n s  p resen ted  i n  t a b l e  11. The r e s u l t s  p r e s e n t e d  i n  
f i g u r e  14 co r respond  t o  1000 rpm and a spray cone a n g l e  of 156".  The d r o p l e t  
d i s t r i b u t i o n  f u n c t i o n s  a r e  of t h e  Rosin-Rammler t y p e  w i t h  maximum l o c a t e d  a t  
30.8 and 50 pm, and maximum d r o p l e t  d iamete rs  a r e  50 and 100 pm, r e s p e c t i v e l y .  
The o b j e c t i v e  o f  u s i n g  two d r o p l e t  d i s t r i b u t i o n  f u n c t i o n s  i s  t o  de te rm ine  t h e  
sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  as a f u n c t i o n  of t h e  d r o p l e t  d iamete r  f o r  an 
i n j e c t i o n  a n g l e  o f  15" BTDC. 
The r e s u l t s  p r e s e n t e d  i n  f i g u r e  14 complement those  p resen ted  e a r l i e r  i n  
t h i s  s e c t i o n  i n  t h a t  f o r  a d i s t r i b u t i o n  f u n c t i o n  c h a r a c t e r i z e d  by 
30.8 pm and dmax = 50 pm, t h e  e f f e c t s  o f  engine speed ( h e r e  1000 rpm),  i n j e c -  
t i o n  a n g l e  ( h e r e  15" BTDC), and spray cone a n g l e  ( h e r e  156") can be compared. 
I t  shou ld  be, p o i n t e d  o u t  t h a t  t h e  c a l c u l a t i o n s  a t  1000 rpm, cone a n g l e  o f  156",  
i n j e c t i o n  a n g l e  of 1 5 "  BTDC, dpeak = 30.8 pm, and dmax = 50 pm a r e  p resen ted  i n  
t h e  s u b s e c t i o n  E f f e c t  o f  S w i r l ,  i n  which t h e  e f f e c t s  o f  t h e  i n t a k e  s w i r l  a n g l e  
on t h e  f low f i e l d  and spray p e n e t r a t i o n  and v a p o r i z a t i o n  a r e  i n v e s t i g a t e d .  The 
r e s u l t s  o f  these  c a l c u l a t i o n s  a t  1000 rpm a r e  repea ted  here i n  o r d e r  t o  c l e a r l y  
i n d i c a t e  t h e  e f f e c t s  o f  t h e  d r o p l e t  d i s t r i b u t i o n  f u n c t i o n  on spray p e n e t r a t i o n  
and v a p o r i z a t i o n .  
dpeak.= 
F i g u r e  14 c l e a r l y  i n d i c a t e s  t h a t  f o r  t h e  b i g g e r  d r o p l e t  d i s t r i b u t i o n ,  t h e  
d r o p l e t s  e s s e n t i a l l y  move a l o n g  a t r a j e c t o r y  which forms 78" w i t h  t h e  c y l i n d e r  
c e n t e r l i n e ,  e x c e p t  f o r  some amount o f  l a t e r a l  d i s p e r s i o n .  F i g u r e  14 a l s o  shows 
t h a t  v e r y  few d r o p l e t s  a r e  e n t r a i n e d  by t h e  i n j e c t i o n - g e n e r a t e d  e d d i e s .  
F i g u r e  15 shows t h e  e f f e c t s  o f  t h e  d r o p l e t  d i s t r i b u t i o n  f u n c t i o n  on the 
f u e l  v a p o r i z a t i o n  r a t e .  Note t h a t  f o r  a d i s t r i b u t i o n  f u n c t i o n  w i t h  dpeak = 
30.8 pm most d r o p l e t s  have v a p o r i z e d  by about  15" ATDC, whereas f o r  a d i s t r i -  
b u t i o n  w i t h  dpeak = 60 pm most d r o p l e t s  a r e  v a p o r i z e d  by 60" ATDC. Thus, t h e  
l a r g e r  t h e  d r o p l e t s ,  t h e  g r e a t e r  t h e  t i m e  r e q u i r e d  f o r  t h e i r  v a p o r i z a t i o n .  Note 
t h a t  under motored  c o n d i t i o n s ,  l a r g e  s w i r l  l e v e l s  may th row t h e  l a r g e r  d r o p l e t s  
a g a i n s t  t h e  c o l d  c y l i n d e r  w a l l ,  where some may remain unvapor i zed .  Thus, 
a l t h o u g h  l a r g e  d r o p l e t s  and l a r g e  s w i r l  ang les  r e s u l t  i n  l a r g e  p e n e t r a t i o n ,  t h e y  
may r e s u l t  i n  l a r g e  amounts of unvapor i zed  l i q u i d  f u e l .  There i s ,  o f  cou rse ,  a 
p rob lem i n  a n a l y z i n g  t h e  i n t e r a c t i o n  between t h e  l i q u i d  d r o p l e t s  and t h e  
boundary l a y e r s  a l o n g  s o l i d  w a l l s .  Depending on t h e  ang le  o f  i n c i d e n c e ,  
t u r b u l e n c e  l e v e l s ,  temperature,  and o t h e r  f a c t o r s ,  t h e  d r o p l e t s  may bounce o f f ,  
a t t a c h ,  or s h a t t e r  a t  t h e  s o l i d  w a l l s .  Th i s  complex phenomenon has been 
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n e g l e c t e d  i n  t h e  c a l c u l a t i o n s  p resen ted  he re  s i n c e  a specu la r  r e f l e c t i o n  was 
used fo r  t h e  d r o p l e t s  c o l l i d i n g  a g a i n s t  t h e  s o l i d  w a l l s .  D e t a i l e d  ana lyses  o f  
t h e  e f f e c t s  o f  t h e  d r o p l e t s  d i s t r i b u t i o n  f u n c t i o n  a r e  p r e s e n t  i n  append ix  E .  
CONCLUDING REMARKS 
A two-dimensional  model for ax i symmet r i c  p i s t o n - c y l i n d e r  c o n f i g u r a t i o n s  has 
been developed t o  s t u d y  t h e  f low f i e l d  i n  two-s t roke ,  d i r e c t - i n j e c t i o n  d i e s e l  
eng ines  under motored c o n d i t i o n s .  The model accounts  for t u r b u l e n c e  by means o f  
a two-equat ion  model f o r  t h e  t u r b u l e n c e  k i n e t i c  energy  and i t s  r a t e  o f  d i s -  
s i p a t i o n .  A d i s c r e t e  d r o p l e t  model has been used t o  s i m u l a t e  t h e  f u e l  sp ray .  
The e f f e c t s  o f  t h e  gas-phase t u r b u l e n c e  on t h e  d r o p l e t s  have been cons ide red  by 
impos ing  on t h e  mean d r o p l e t  v e l o c i t y ,  a v e l o c i t y  f l u c t u t a t i o n  wh ich  depends on  
t h e  t u r b u l e n c e  k i n e t i c  energy  of t h e  gas phase. Random a x i a l  and r a d i a l  l o c a -  
t i o n s  used t o  s i m u l a t e  t h e  f u e l  i n j e c t i o n  account  for t h e  i n t e r m i t t e n c y  o f  t h e  
l i q u i d  f u e l  j e t  breakup i n t o  l i g a m e n t s  and d r o p l e t s .  I t  has been shown t h a t  a 
f l u c t u a t i n g  v e l o c i t y  can be added t o  t h e  mean d r o p l e t  v e l o c i t y  e v e r y  t i m e  s t e p ,  
i f  t h e  t i m e  s t e p  i s  smal l  enough. Large  t i m e  s teps  o v e r p r e d i c t  t h e  sp ray  
p e n e t r a t i o n .  
Good agreement w i t h  exper imen ta l  d a t a  o f  H i r o y a s u  and Kadota ( r e f .  1 )  f o r  a 
range  o f  ambien t  p r e s s u r e s  i n  d i e s e l - e n g i n e  env i ronmen ts  was o b t a i n e d  by  u s i n g  
t h e  t h i n  sp ray  a p p r o x i m a t i o n  employed i n  t h i s  r e p o r t .  However, t h e  sp ray  pene- 
t r a t i o n  was u n d e r p r e d i c t e d  a t  l a r g e  t i m e  s teps  because d r o p l e t  c o l l i s i o n s  and 
coa lescence were i g n o r e d .  There i s  ample ev idence  ( r e f .  29) t h a t  d r o p l e t  c o l l i -  
s i o n s  a r e  i m p o r t a n t ,  p a r t i c u l a r l y  near  t h e  i n j e c t o r .  D r o p l e t  b reakup may a l s o  
be i m p o r t a n t  i n  d e t e r m i n i n g  t h e  d r o p l e t  s i z e  away from t h e  i n j e c t o r  ( r e f .  1 1 ) .  
C u r r e n t  aerodynamic t h e o r i e s  of s u r f a c e  breakdown ( r e f .  29) a r e  l i n e a r  and 
do  n o t  p r o v i d e  enough i n f o r m a t i o n  t o  a c c u r a t e l y  de te rm ine  t h e  i n i t i a l  d r o p l e t  
s i z e ,  Fur thermore ,  t hese  t h e o r i e s  cannot  a c c u r a t e l y  p r e d i c t  t h e  n o n l i n e a r  phe- 
nomena a s s o c i a t e d  w i t h  d r o p l e t  f o r m a t i o n  ( r e f s .  31 and 32) and have s e v e r a l  l i m i -  
t a t i o n s  ( r e f .  27 ) .  T h e r e f o r e ,  i n  t h e  absence of a c c u r a t e  exper imen ta l  d a t a  and 
a n a l y t i c a l  models of d r o p l e t  breakup, one must be c a u t i o u s  i n  a s s e s s i n g  t h e  p re -  
d i c t i o n  c a p a b i l i t i e s  o f  m u l t i d i m e n s i o n a l  sp ray  models.  These models c o n t a i n  
many parameters  wh ich  can be a d j u s t e d  t o  a c c u r a t e l y  p r e d i c t  t h e  sp ray  pene t ra -  
t i o n  i n  s tagnan t  ambien ts ,  even if T a y l o r ' s  aerodynamic t h e o r y  i s  used t o  e s t i -  
mate t h e  i n i t i a l  d r o p l e t  s i z e  ( r e f s .  6, 27, and 28) and if d r o p l e t  c o l l i s i o n s  and 
coa lescence a r e  cons ide red  ( r e f .  3 ) .  
The sp ray  t h i c k n e s s  depends on  t h e  l i q u i d  j e t  i n s t a b i l i t i e s  and breakup 
i n t o  l i gamen ts  and d r o p l e t s ,  wh ich  i n  t u r n  depend on t h e  n o z z l e  geometry,  
boundary- layer  i n s t a b i l i t i e s ,  flow r e l a x a t i o n ,  t u r b u l e n c e ,  and o t h e r  f a c t o r s  
( r e f s .  27 and 28 ) .  These phenomena a r e  n o t  unders tood,  and d i s c r e t e  d r o p l e t  
models a r e  a p p l i c a b l e  t o  t h e  l i g a m e n t  reg ime.  I t  i s  b e l i e v e d  t h a t  f u t u r e  
exper iments  shou ld  be des igned t o  p r o v i d e  a c c u r a t e  i n i t i a l  c o n d i t i o n s  f o r  t h e  
d r o p l e t s  a t  t h e  end o f  t h e  l i g a m e n t  reg ime.  Wi thou t  t h i s  i n f o r m a t i o n ,  m u l t i d i -  
mensional  models f o r  d i r e c t - i n j e c t i o n  d i e s e l  eng ines  cannot  be used as t r u l y  p re -  
d i c t i v e  tools.  Perhaps high-speed photography ,  l i g h t  s c a t t e r i n g ,  and h o l o g r a p h i c  
( r e f .  33) and x-ray techn iques  can be used t o  de te rm ine  t h e  i n t a c t  co re  and t h e  
l i g a m e n t  regime l e n g t h s .  E l e c t r i c a l  t echn iques  have some l i m i t a t i o n s  ( r e f s .  34 
and 35) i n  a c c u r a t e l y  d e t e r m i n i n g  these  l e n g t h s .  
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C a l c u l a t i o n s  o f  t h e  motored two-s t roke  d i e s e l  eng ine  were r e p o r t e d  under 
d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  i n  o r d e r  t o  assess t h e  i n f l u e n c e  o f  i n t a k e  f l ow  
s w i r l  a n g l e ,  eng ine  speed, i n j e c t i o n  ang le ,  sp ray  cone ang le ,  and i n i t i a l  drop- 
l e t  d i s t r i b u t i o n  o f  t h e  flow f i e l d  and sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n .  
The r e s u l t s  o f  t h e  c a l c u l a t i o n s  r e p o r t e d  he re  i n d i c a t e  t h a t  sp ray  pene t ra -  
t i o n  and v a p o r i z a t i o n ,  v e l o c i t y ,  and t u r b u l e n c e  k i n e t i c  energy  i n c r e a s e  w i t h  t h e  
i n t a k e  s w i r l  a n g l e .  A s  t h e  s w i r l  ang le  i s  i nc reased ,  t h e  d r o p l e t s  a r e  th rown 
a g a i n s t  t h e  c o l d  c y l i n d e r  w a l l ,  and t h e  e f f e c t s  o f  i n j e c t i o n - g e n e r a t e d  edd ies  on 
t h e  f u e l  v a p o r i z a t i o n  a r e  s m a l l .  Most d r o p l e t s  v a p o r i z e  b e f o r e  c r o s s i n g  
m i d c y l i n d e r .  The f u e l  v a p o r i z a t i o n  r a t e  decreases w i t h  t h e  eng ine  speed. A s  t h e  
eng ine  speed i s  i nc reased ,  t h e  gas-phase v e l o c i t y  and t u r b u l e n c e  k i n e t i c  energy  
i n c r e a s e .  T h i s  r e s u l t s  i n  l a r g e r  a x i a l  v e l o c i t i e s  toward  t h e  c y l i n d e r  w a l l  
wh ich  d e c e l e r a t e  t h e  d r o p l e t s  i n j e c t e d  i n t o  t h e  c y l i n d e r .  T h i s  d e c e l e r a t i o n  and 
l a r g e r  t u r b u l e n t  f l u c t u a t i o n s  a t  h i g h  eng ine  speed i n i t i a l l y  r e s u l t  i n  l a r g e r  
d r a g  and mass and h e a t  t r a n s f e r .  However, once t h e  d r o p l e t s  a r e  d e c e l e r a t e d  and 
t h e i r  v e l o c i t i e s  a r e  c l o s e  t o  those o f  t h e  gas phase, t h e  h e a t ,  mass, and 
momentum exchanges decrease.  
Fue l  i n j e c t i o n  a l o n g  t h e  c y l i n d e r  c e n t e r l i n e  r e s u l t s  i n  a sp ray  wh ich  
s t r i k e s  t h e  p i s t o n  and c r e a t e s  a c o u n t e r c l o c k w i s e - r o t a t i n g  eddy wh ich  d i s p l a c e s  
t h e  d r o p l e t s  r a d i a l l y  toward  t h e  c y l i n d e r  w a l l  and a x i a l l y  toward  t h e  c y l i n d e r  
head. A s  t h e  sp ray  a n g l e  i s  i nc reased ,  two i n j e c t i o n - g e n e r a t e d  edd ies  may 
r e s u l t .  One o f  t h e  edd ies  r o t a t e s  c l o c k w i s e  and i s  l o c a t e d  between t h e  c y l i n d e r  
c e n t e r l i n e  and t h e  sp ray ;  t h e  o t h e r  i s  l o c a t e d  between t h e  c y l i n d e r  head and t h e  
sp ray  and r o t a t e s  c o u n t e r c l o c k w i s e .  The c l o c k w i s e - r o t a t i n g  eddy c o n t r i b u t e s  
more toward  t h e  sp ray  v a p o r i z a t i o n ,  and f u e l  vapor i s  l o c a t e d  near  t h e  c e n t e r -  
l i n e  and c a r r i e d  toward  t h e  c y l i n d e r  w a l l .  However, for l a r g e  s p r a y  cone ang les  
( l a r g e r  t h a n  about  120") t h e  a i r  e n t r a i n m e n t  decreases, t h e  d r o p l e t  v e l o c i t i e s  
decrease because o f  t h e  momentum exchange w i t h  t h e  gas phase and l a r g e  s u r f a c e  
o f  t h e  sp ray ,  and t h e  f u e l  v a p o r i z a t i o n  decreases. There fore ,  f o r  f i x e d  o p e r a t -  
i n g  c o n d i t i o n s ,  t h e  sp ray  cone ang le  has a s t r o n g  e f f e c t  on t h e  f u e l  p e n e t r a t i o n  
and v a p o r i z a t i o n .  
For t h e  same amount o f  l i q u i d  f u e l  i n j e c t e d  i n t o  t h e  c y l i n d e r ,  t h e  sp ray  
penetration increases as the droplet size increases. Broad droplet distribution 
f u n c t i o n s  r e s u l t  i n  a lmos t  c o n i c a l  ( r e c t i l i n e a r )  sp ray  t r a j e c t o r i e s .  I n  some 
cases, t h e  d r o p l e t s  s t r i k e  and bounce off t h e  p i s t o n  and c y l i n d e r  w a l l .  These 
d r o p l e t s  a r e  l a t e r  e n t r a i n e d  by t h e  p i s t o n - d r i v e n  flow i n  t h e  expans ion  s t r o k e  
and v a p o r i z e  near  t h e  c y l i n d e r  w a l l .  
o f  d iamete rs  s m a l l e r  t han  50 pm a r e  used, t h e  d r o p l e t s  v a p o r i z e  b e f o r e  t h e y  
reach  t h e  c y l i n d e r  w a l l  and p i s t o n .  These d r o p l e t s  v a p o r i z e  i n  t h e  r e g i o n  
occup ied  by  t h e  i n j e c t i o n - g e n e r a t e d  edd ies .  
For d i s t r i b u t i o n  f u n c t i o n s  where d r o p l e t s  
The e f f e c t s  o f  t h e  i n j e c t i o n  ang le  on t h e  sp ray  p e n e t r a t i o n  and v a p o r i z a -  
t i o n  i n d i c a t e  t h a t  e a r l y  i n j e c t i o n  r e s u l t s  i n  l a r g e r  sp ray  p e n e t r a t i o n  because 
o f  t h e  l ower  tempera tu res  i n  t h e  c y l i n d e r  and because o f  v a p o r i z a t i o n  c o o l i n g .  
Some v a p o r i z a t i o n  o c c u r s  as t h e  d r o p l e t s  move t h r o u g h  t h e  c y l i n d e r ;  however, 
most v a p o r i z a t i o n  o c c u r s  near  TDC, where t h e  c y l i n d e r  tempera tu res  a r e  t h e  
h i g h e s t .  L a t e  i n j e c t i o n  r e s u l t s  i n  f a s t  v a p o r i z a t i o n  and sma l l  s p r a y  pene t ra -  
t i o n  because t h e  d r o p l e t s  a r e  s u b j e c t e d  t o  h i g h  tempera tures  from t h e  b e g i n n i n g  
o f  i n j e c t i o n .  
The r e s u l t s  p resen ted  i n  t h i s  r e p o r t  i n d i c a t e  t h a t  good sp ray  p e n e t r a t i o n ,  
v a p o r i z a t i o n ,  and m i x i n g  can be ach ieved by i n j e c t i n g  d r o p l e t s  o f  maximum 
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d iamete rs  between 50 and 100 pm a l o n g  a 120" cone a t  about  315" BTDC for  an 
i n t a k e  s w i r l  ang le  o f  30".  However, even under these  optimum c o n d i t i o n s  t h e  
f u e l  vapor does n o t  reach  t h e  c o r n e r  between t h e  c y l i n d e r  w a l l  and t h e  c y l i n d e r  
head. 
The r e s u l t s  p resen ted  i n  t h i s  r e p o r t  a l s o  i n d i c a t e  t h a t  sp ray  p e n e t r a t i o n  
and v a p o r i z a t i o n  a r e  i n s e n s i t i v e  t o  t u r b u l e n c e  l e v e l s  w i t h i n  t h e  c y l i n d e r .  The 
i n c r e a s e  o f  t h e  i n t a k e  s w i r l  number, a l t h o u g h  b e n e f i c i a l  t o  t h e  sp ray  pene t ra -  
t i o n ,  has t h e  f o l l o w i n g  d isadvantages:  ( 1 )  t h e  d r o p l e t s  a r e  thrown toward  a 
l o c a l i z e d  r e g i o n  a t  t h e  c y l i n d e r  w a l l ,  and ( 2 )  poo r  f u e l  m i x i n g  i s  o b t a i n e d .  
I n  o r d e r  t o  i n c r e a s e  t h e  f u e l  v a p o r i z a t i o n  r a t e  and m i x i n g ,  t h e  r e s u l t s  p r e -  
sented he re  i n d i c a t e  t h a t  s q u i s h  i s  necessary.  Squish can be o b t a i n e d  by a 
bowled p i s t o n ,  which c r e a t e s  i n  t h e  compression s t o k e  a r a d i a l  m o t i o n  d i r e c t e d  
toward  t h e  c y l i n d e r  c e n t e r l i n e ,  and r e c i r c u l a t i o n  zones w i t h i n  t h e  bow l .  
zones c o n t r i b u t e  t o  a b e t t e r  m i x i n g  o f  t h e  f u e l  and oxygen. Note t h a t  t h e  
r e s u l t s  p resen ted  i n  t h i s  r e p o r t  ( p a r t i c u l a r l y  t hose  which show t h a t  l i t t l e  f u e l  
vapor reaches t h e  c o r n e r  between t h e  c y l i n d e r  head and t h e  c y l i n d e r  w a l l )  c l e a r l y  
i n d i c a t e  t h e  need for  a bowled p i s t o n  t o  ach ieve  b e t t e r  f u e l  m i x i n g .  
These 
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APPENDIX A .  - DETAILED EFFECTS OF SWIRL 
The e f f e c t s  o f  s w i r l  on t h e  f low f i e l d  and f u e l  v a p o r i z a t i o n  a r e  ana lyzed  
i n  d e t a i l  i n  t h i s  append ix .  The s w i r l  ang les  chosen were 0 " ,  11.25".  22 .5" ,  
30" ,  and 45".  F i g u r e  16 shows t h e  u-v gas-phase v e l o c i t y  f i e l d  a t  200°, 240",  
270",  300", and 345" ATDC. 
For  a s w i r l  a n g l e  of 0" ( i . e . ,  no s w i r l ) ,  f i g u r e  16 shows t h a t ,  as t h e  
p i s t o n  cove rs  t h e  i n t a k e  p o r t  and t h e  exhaus t  v a l v e  c l o s e s ,  t h e  c y l i n d e r  
w a l l  eddy i s  d i s p l a c e d  toward  t h e  c y l i n d e r  c e n t e r l i n e  and p i s t o n .  
c l o c k w i s e - r o t a t i n g  eddy i s  d i s p l a c e d  towards t h e  c y l i n d e r  head, and a new 
c l o c k w i s e - r o t a t i n g  eddy i s  l o c a t e d  between t h e  p i s t o n  and t h e  v a l v e .  The c l o c k -  
w i s e - r o t a t i n g  eddy and t h e  c y l i n d e r  w a l l  eddy b o t h  move toward  t h e  c y l i n d e r  head 
(240" ATDC) d u r i n g  t h e  compression s t r o k e .  A t  270" ATDC, o n l y  t h e  c o u n t e r -  
c l o c k w i s e - r o t a t i n g  eddy i s  p r e s e n t  i n  t h e  c y l i n d e r .  
t h e  r a d i a l  d i r e c t i o n  and i s  compressed and damped away i n  t h e  compression 
s t r o k e .  A t  300" ATDC, t h e  g r i d  employed i n  t h e  c a l c u l a t i o n  i s  n o t  a b l e  t o  
r e s o l v e  t h e  eddy s t r u c t u r e ,  a l t h o u g h  a complex flow p a t t e r n  can be seen near  t h e  
c y l i n d e r  head. By t h i s  ang le ,  t h e  p i s t o n  d r i v e s  t h e  flow which  has become u n i d i -  
r e c t i o n a l  excep t  near  t h e  c y l i n d e r  head, where t h e  c o u n t e r c l o c k w i s e - r o t a t i n g  
eddy was once l o c a t e d .  S i m i l a r  flow p a t t e r n s  a r e  observed i n  t h e  r e s t  o f  t h e  
compression s t r o k e  u n t i l  i n j e c t i o n  s t a r t s  a t  345" ATDC. The v e l o c i t y  v e c t o r  
p l o t s  f o r  a s w i r l  a n g l e  of 11.25" a r e  s i m i l a r  t o  those  shown for t h e  n o - s w i r l  
case. 
The c o u n t e r -  
T h i s  eddy i s  e l o n g a t e d  i n  
For a s w i r l  ang le  of 22.5",  t h e  g l o b a l  f low f i e l d  i s  s i m i l a r  to  t h a t  for 
t h e  n o - s w i r l  c o n d i t i o n s .  However, d i f f e r e n c e s  e x i s t  i n  t h e  magn i tude and l o c a -  
t i o n  o f  t h e  edd ies .  The c y l i n d e r  w a l l  eddy i s  s m a l l e r  and c l o s e r  t o  t h e  p i s t o n  
t h a n  for  t h e  n o - s w i r l  c o n d i t i o n s .  The c o u n t e r c l o c k w i s e - r o t a t i n g  eddy i s  s m a l l e r  
and c l o s e r  t o  t h e  c y l i n d e r  w a l l  and approaches t h e  c y l i n d e r  head as t h e  p i s t o n  
compresses t h e  f low. T h i s  eddy breaks  down i n t o  two new edd ies  as a r e s u l t  o f  
t h e  complex i n t e r a c t i o n  between t h e  f low and s w i r l .  
p e r i o d i c  d u r i n g  t h e  compression s t r o k e ,  w i t h  a p e r i o d  o f  a p p r o x i m a t e l y  20" .  
T h i s  makes p l o t s  o f  v e l o c i t y  v e c t o r s  a t  l a r g e r  i n t e r v a l s  m i s l e a d i n g .  For exam- 
p l e ,  a t  210" ATDC, f i v e  edd ies  can be observed i n  t h e  v e l o c i t y  p l o t s :  two 
edd ies  a r e  l o c a t e d  a t  t h e  c y l i n d e r  w a l l  ( t h e s e  edd ies  a r e  t h e  r e s u l t  o f  t h e  
breakdown of t h e  eddy l o c a t e d  a t  t h e  c y l i n d e r  w a l l  e a r l i e r  i n  t h e  i n t a k e  
s t r o k e ) ,  two edd ies  a r e  l o c a t e d  i n  m i d c y l i n d e r ,  and t h e  f i f t h  eddy i s  l o c a t e d  
above t h e  exhaus t  v a l v e  s e a t  and between t h e  p i s t o n  and t h e  exhaus t  v a l v e .  
These f i v e  edd ies  move toward  t h e  c y l i n d e r  w a l l  because o f  t h e  a z i m u t h a l  v e l o c i t y  
( s w i r l )  and i n t e r a c t  w i t h  each o t h e r  i n  a complex manner. These i n t e r a c t i o n s  
r e s u l t  i n  eddy damping and merg ing .  By 235" ATDC, t h e  f i v e  edd ies  a r e  s t i l l  
p r e s e n t  b u t  have been d i s p l a c e d  t o  new l o c a t i o n s  w i t h i n  t h e  eng ine  c y l i n d e r .  
240" ATDC o n l y  two edd ies  can be observed:  a c o u n t e r c l o c k w i s e - r o t a t i n g  eddy 
l o c a t e d  i n  m i d c y l i n d e r  and a c o u n t e r c l o c k w i s e - r o t a t i n g  eddy l o c a t e d  near  t h e  c y l -  
i n d e r  head. 
i n d e r  w a l l  and y i e l d s  an e l o n g a t e d  eddy a t  255"  ATDC. T h i s  eddy i s  d i s p l a c e d  
toward  t h e  c y l i n d e r  w a l l  and breaks  down i n t o  two new edd ies  a t  abou t  260" 
ATDC. The eddy l o c a t e d  near  t h e  c y l i n d e r  w a l l  and p i s t o n  i s  damped away d u r i n g  
t h e  compression s t r o k e .  A t  270" ATDC, o n l y  one eddy i s  shown i n  t h e  v e l o c i t y  
p l o t s .  T h i s  eddy i s  damped away and d i sappears  d u r i n g  t h e  compress ion  s t r o k e .  
A f t e r  300" ATDC t h e  c h a r a c t e r  o f  t h e  l a r g e - s c a l e  m o t i o n  changes. P i s t o n  m o t i o n  
and v i s c o u s  d i s s i p a t i o n  i n  t h e  c y l i n d e r  combine t o  p r o h i b i t  s w i r l - i n d u c e d  v o r t e x  
Eddy breakdown i s  a lmos t  
A t  
The m i d c y l i n d e r  eddy i s  d i s p l a c e d  toward  t h e  c y l i n d e r  head and c y l -  
merging. S w i r l  and p i s t o n  m o t i o n  c r e a t e  a s i n g l e  c o u n t e r c l o c k w i s e - r o t a t i n g  eddy 
near t h e  c y l i n d e r  head. A t  abou t  300" ATDC, t h i s  eddy i s  d i s p l a c e d  toward  t h e  
c y l i n d e r  w a l l  and damped away, and i t  d isappears  i n  t h e  compression s t r o k e .  
For a s w i r l  a n g l e  o f  30",  f i g u r e  16 shows some t y p i c a l  v e l o c i t y  v e c t o r  
p l o t s .  A comparison between t h e  v e l o c i t y  p l o t s  w i t h  s w i r l  angles o f  22.5"  and 
30" i n d i c a t e s  t h a t  as t h e  s w i r l  i s  i nc reased ,  t h e  eddies move away from t h e  c y l -  
i n d e r  c e n t e r l i n e  toward t h e  c y l i n d e r  w a l l ,  and t h e  flow seems more complex. For 
example, a t  210" ATDC, t h r e e  edd ies  a r e  seen i n  t h e  engine c y l i n d e r :  t h e  i n t a k e  
po r t -genera ted  eddy, t h e  i n t a k e - g e n e r a t e d  eddy which was o r i g i n a l l y  l o c a t e d  
between t h e  p i s t o n  and t h e  exhaust  v a l v e ,  and an eddy l o c a t e d  a t  t h e  c o r n e r  
between t h e  c y l i n d e r  head and t h e  c y l i n d e r  w a l l .  
t h e  i n t a k e  p o r t - g e n e r a t e d  eddy moves toward t h e  p i s t o n  and i s  e l o n g a t e d  i n  t h e  
r a d i a l  d i r e c t i o n .  D u r i n g  t h a t  c r a n k s h a f t  c y c l e  i n t e r v a l ,  t h e  i n t a k e - g e n e r a t e d  
eddy, o r i g i n a l l y  l o c a t e d  between t h e  p i s t o n  and t h e  exhaust  v a l v e ,  breaks down 
i n t o  two new edd ies ,  which a r e  d i s p l a c e d  toward t h e  p i s t o n .  By 240" ATDC, o n l y  
one of  these edd ies  can be seen i n  t h e  engine c y l i n d e r .  The r e m a i n i n g  eddy, 
l o c a t e d  i n  m i d c y l i n d e r ,  i s  d i s p l a c e d  toward t h e  c y l i n d e r  head by t h e  p i s t o n  
mo t ion ,  and toward t h e  c y l i n d e r  w a l l  because of s w i r l .  T h i s  eddy, i n  t u r n ,  
breaks down i n t o  new edd ies ,  which merge t o g e t h e r  l a t e r  i n  t h e  compress ion  
s t r o k e .  The r e s u l t i n g  eddy i s  l o c a t e d  near  t h e  c y l i n d e r  head b u t  moves toward 
m i d c y l i n d e r  (270" ATDC). A new eddy i s  c r e a t e d  near  t h e  c y l i n d e r  head because 
o f  s w i r l  a t  about  280" ATDC. T h i s  eddy i s  damped away l a t e r  i n  t h e  compression 
stroke and y i e l d s  a r a d i a l  m o t i o n  a l o n g  t h e  c y l i n d e r  head. 
From about  215"  t o  225" ATDC, 
S i m i l a r  r e s u l t s  a r e  found  w i t h  s w i r l  ang les  o f  36" ( n o t  shown h e r e )  and 
45". F i g u r e  16 i n d i c a t e s  t h a t  s w i r l  generates e x t e n s i v e  c o u p l i n g  between t h e  
r a d i a l  and a x i a l  v e l o c i t y  components. Even low l e v e l s  of s w i r l  i nduce  v o r t e x  
merg ing  and breakdown s h o r t l y  a f t e r  t h e  f l o w t h r o u g h  p e r i o d .  The i n c r e a s e d  l e v -  
e l s  o f  l a r g e - s c a l e  m o t i o n  c o u l d  be b e n e f i c i a l  i n  t h o r o u g h l y  m i x i n g  unscavenged 
exhaust  p r o d u c t s  p r i o r  t o  i n j e c t i o n  on t h e  n e x t  c y c l e  ( r e f s .  1 7  and 20). 
Turbulence k i n e t i c  energy  p r o f i l e s  a r e  shown i n  f i g u r e  1 7  d u r i n g  t h e  i n t a k e  
s t r o k e  f o r  t h e  f i v e  s w i r l  ang les  p r e s e n t e d  i n  t h i s  r e p o r t .  I n  t h i s  f i g u r e ,  t h e  
v e r t i c a l  a x i s  cor responds t o  t h e  n a t u r a l  l o g a r i t h m  o f  t h e  t u r b u l e n t  k i n e t i c  
energy ( i n  cm2/sec2).  The r e s u l t s  shown i n  f i g u r e  17 cor respond t o  210". 240", 
300°, and 345" ATDC. These t u r b u l e n c e  k i n e t i c  energy  p r o f i l e s  were s e l e c t e d  t o  
i l l u s t r a t e  t h e  main f e a t u r e s  of t h e  f low d u r i n g  t h e  compression s t r o k e .  For a 
s w i r l  ang le  o f  0",  f i g u r e  17 shows t h a t  t h e  l a r g e s t  l e v e l s  of t u r b u l e n c e  occu r  
nea r  t h e  exhaust v a l v e  p o r t ,  where t h e  flow i s  a c c e l e r a t e d  d u r i n g  t h e  exhaust  
s t r o k e  . 
The t u r b u l e n c e  l e v e l s  near  t h e  i n t a k e  p o r t  a r e  s m a l l e r  t han  those  near t h e  
exhaust p o r t  because o f  t h e  reduced v e l o c i t i e s  i n  t h a t  r e g i o n .  Turbu lence i s  
d i f f used  and d i s s i p a t e d  i n  t h e  compression s t r o k e ,  as shown a t  240" and 300" 
ATDC, b u t  shows s teep  g r a d i e n t s  near  t h e  s o l i d  w a l l s .  Turbu lence decays as t h e  
p i s t o n  approaches top-dead-center,  as shown a t  345" ATDC. For  t h e  s w i r l  ang le  
of 11.25", t h e  d i s t r i b u t i o n  of t u r b u l e n c e  w i t h i n  t h e  chamber i s  f a i r l y  s i m i l a r  
t o  t h e  case o f  no s w i r l ,  excep t  t h a t  t h e r e  a r e  h i g h e r  t u r b u l e n c e  l e v e l s  near  t h e  
exhaust  v a l v e .  
A comparison between t h e  t u r b u l e n c e  l e v e l s  w i t h  no s w i r l  and w i t h  a s w i r l  
exhaust v a l v e .  A s  t h e  gas moves o u t  of t h e  exhaust  v a l v e ,  t h e  f low i s  n e a r l y  
a x i a l l y  o r i e n t e d .  Conserva t i on  o f  a n g u l a r  momentum d i c t a t e s  t h a t  l a r g e  az imu tha l  
I a n g l e  o f  22 .5"  i n d i c a t e s  t h a t  s w i r l  generates a d d i t i o n a l  t u r b u l e n c e  near  t h e  
20 
v e l o c i t y  must occu r  as t h e  gas i s  swept a l o n g  t h e  c y l i n d e r  head and o u t  o f  t h e  
exhaust  v a l v e .  Th is  r e s u l t s  i n  l a r g e  v e l o c i t y  g r a d i e n t s  and l a r g e  l e v e l s  o f  t u r -  
bu lence  k i n e t i c  energy near  t h e  exhaust  v a l v e .  Note t h a t  as s w i r l  i s  i nc reased ,  
t u r b u l e n c e  i s  con f i ned  c l o s e r  t o  t h e  c y l i n d e r  head a t  210" ATDC. A f t e r  compres- 
s i o n  t h e  i nc reased  l e v e l s  of s w i r l  c o n t r i b u t e  t o  f a s t e r  t u r b u l e n t  d i f f u s i o n  and 
d i s s i p a t i o n .  
c y l i n d e r  by 270" ATDC, as was t h e  case w i t h  no s w i r l .  
Turbu lence k i n e t i c  energy becomes u n i f o r m  t h r o u g h o u t  t h e  engine 
F i g u r e  18 shows t h e  d i s s i p a t i o n  r a t e  o f  t u r b u l e n c e  k i n e t i c  energy  f o r  t h e  
f i v e  s w i r l  angles s t u d i e d  i n  t h i s  r e p o r t .  These f i g u r e s  co r respond  t o  210", 
240", 300", and 345" ATDC and i l l u s t r a t e  t h a t  d i s s i p a t i o n  r a t e  n o n u n i f o r m i t i e s  
a r e  p r e s e n t  i n  t h e  e a r l y  p a r t  of t h e  compression stroke. These n o n u n i f o r m i t i e s  
a r e  d i f f u s e d  i n  t h e  compression stroke i n  such a manner t h a t  a t  top-dead-center ,  
t h e  d i s s i p a t i o n  r a t e  i s  a lmos t  u n i f o r m  t h r o u g h o u t  t h e  eng ine  c y l i n d e r  excep t  f o r  
s teep  g r a d i e n t s  a t  t h e  s o l i d  w a l l s .  The d i s s i p a t i o n  r a t e  mimics t h e  t u r b u l e n t  
k i n e t i c  energy t r e n d s :  l a r g e  l e v e l s  a r e  observed i n  r e g i o n s  o f  h i g h  t u r b u l e n c e .  
F i g u r e  18 c l e a r l y  i l l u s t r a t e s  t h a t  s w i r l  has a p r o f o u n d  e f f e c t  on d e t e r m i n i n g  
t h e  magnitude and n o n u n i f o r m i t y  o f  t h e  d i s s i p a t i o n  r a t e .  The n o n u n i f o r m i t i e s  
a r e  due t o  t h e  eddy t o p o l o g y  w i t h i n  t h e  engine c y l i n d e r ,  as t h e  r e s u l t s  shown i n  
f i g u r e  16 i n d i c a t e .  
Az imuthal  v e l o c i t y  p r o f i l e s  shown i n  f i g u r e  19 ( p l o t s  a t  c r a n k s h a f t  ang les  
o f  ZOO", 240", and 345" ATDC) i n d i c a t e  t h a t  l a r g e  s w i r l  l e v e l s  e x i s t  a t  t h e  
i n t a k e  p o r t  and near t h e  exhaust  p o r t  w h i l e  t h e  exhaust  v a l v e  i s  open. Conserva- 
t i o n  o f  a n g u l a r  momentum d i c t a t e s  t h a t  h i g h  s w i r l  v e l o c i t i e s  a r e  p r e s e n t  a t  t h e  
exhaust  p o r t  because o f  t h e  s m a l l e r  a rea  a v a i l a b l e  to  t h e  f low. The s w i r l  v e l o c -  
i t y  d i f f u s e s  and decreases i n  t h e  compression stroke m a i n l y  because o f  v i s c o u s  
d i s s i p a t i o n .  Some o f  t h e  d i f f u s i o n  i s  due t o  t h e  a r t i f i c i a l  v i s c o s i t y  i n t r o -  
duced by t h e  upwind f i n i t e - d i f f e r e n c e  scheme employed i n  t h e  c a l c u l a t i o n s .  
A s  t h e  magnitude o f  s w i r l  i s  i n c r e a s e d ,  t h e  r e s u l t s  shown i n  f i g u r e  19 
i n d i c a t e  t h a t  t h e  flow becomes l e s s  u n i f o r m .  T h i s  i s  a d i r e c t  consequence o f  
t h e  f low t o p o l o g y  and l a r g e r  t u r b u l e n c e  l e v e l s  induced by s w i r l ,  as t h e  r e s u l t s  
p r e s e n t e d  i n  f i g u r e s  16 and 1 7  i n d i c a t e .  I n  f i g u r e  19, t h e  a z i m u t h a l  v e l o c i t y  
p r o f i l e s  a r e  p resen ted  a t  s e l e c t e d  c r a n k s h a f t  ang les  (360".  30" ,  and 108" ATDC) 
i n  t h e  expansion stroke. The i n t e r a c t i o n  between t h e  i n j e c t e d  f u e l  and t h e  
gas-phase v e l o c i t y  f i e l d  i n c r e a s e s  w i t h  t h e  s w i r l  l e v e l s  near  t h e  i n j e c t o r .  
These l e v e l s  d i f f u s e  t h r o u g h o u t  t h e  combust ion chamber. Some gas-phase t u r b u -  
l e n c e  i s  a l s o  generated by t h e  i n t e r a c t i o n  between t h e  f u e l  d r o p l e t s  and gas 
phase near  t h e  c y l i n d e r  w a l l ;  however, t h i s  g e n e r a t i o n  i s  s m a l l .  Note t h a t  t h e  
c a l c u l a t i o n s  r e p o r t e d  h e r e  a r e  two d i m e n s i o n a l .  The re fo re ,  t h e  s w i r l  i s  axisym- 
m e t r i c .  A l though  t h e  f u e l  d r o p l e t s  follow h e l i c a l  t r a j e c t i o n s  i n  t h e  presence 
o f  s w i r l ,  t h e  f low was assumed t o  be ax i symmet r i c .  
The e f f e c t s  o f  t h e  d i f f e r e n t  s w i r l  l e v e l s  on t h e  d r o p l e t  t r a j e c t o r i e s ,  drop- 
l e t  l o c a t i o n s ,  and f u e l  e v a p o r a t i o n  a r e  shown i n  f i g u r e s  20 and 21. These 
f i g u r e s  show t h e  gas-phase v e l o c i t y  p r o f i l e s ,  t h e  d r o p l e t  l o c a t i o n s ,  and t h e  
f u e l  mass f r a c t i o n  i s o c o n t o u r s  a t  s e l e c t e d  c r a n k s h a f t  ang les  d u r i n g  t h e  i n j e c t i o n  
p e r i o d  and expansion stroke. Note t h a t  l i q u i d  f u e l  i s  i n j e c t e d  a t  345" ATDC 
from a c o n i c a l  spray l o c a t e d  near t h e  c y l i n d e r  head c e n t e r l i n e .  
Under n o - s w i r l  c o n d i t i o n s ,  f i g u r e  20 i n d i c a t e s  t h a t  t h e  momentum exchange 
between t h e  l i q u i d  and gas phases d r i v e s  t h e  f low near t h e  i n j e c t o r  and i s  funda- 
mental  i n  e s t a b l i s h i n g  l a r g e - s c a l e  mo t ions  i n  t h e  c y l i n d e r .  P i s t o n - d r i v e n  f low 
accounts f o r  t h e  o n l y  o t h e r  m o t i o n  near TDC and i s  o f  n e g l i g i b l e  impor tance 
21 
compared w i t h  t h e  i n j e c t i o n  v o r t e x .  The sp ray  i n j e c t i o n  c r e a t e s  a c l o c k w i s e -  
r o t a t i n g  t o r o i d a l  v o r t e x ,  wh ich  grows i n  t h e  r a d i a l  and a x i a l  d i r e c t i o n s  as more 
f u e l  mass i s  i n j e c t e d .  Most o f  t h e  d r o p l e t s  a r e  e n t r a i n e d  by  t h e  i n j e c t i o n  v o r -  
t e x  and a r e  swept toward  t h e  p i s t o n .  D i s p e r s i o n  a c c o r d i n g  t o  s i z e  o c c u r s  near  
t h e  sp ray  t i p  and near  t h e  i n j e c t o r ,  where c r o s s - f l o w  i n  t h e  v o r t e x  sweeps 
s m a l l e r  d r o p l e t s  towards t h e  head. Smal l  d r o p l e t s  fo l low t h e  l a r g e - s c a l e  m o t i o n  
a lmos t  e x a c t l y .  V a p o r i z a t i o n  i s  r a p i d  because of t h e  e l e v a t e d  tempera tu res  i n  
t h e  c y l i n d e r ;  most o f  t h e  s m a l l e r  d r o p l e t s  v a p o r i z e  be fore  t h e y  r e a c h  t h e  p i s -  
t o n .  A t  t h e  end o f  i n j e c t i o n  ( 5 "  ATDC),  t h e  i n j e c t i o n - g e n e r a t e d  v o r t e x  pe r -  
s i s t s ,  and d r o p l e t s  a r e  d i s p e r s e d  ac ross  t h e  c l e a r a n c e  volume. O n l y  r e l a t i v e l y  
l a r g e  d r o p l e t s  remain  unvapor i zed ;  however, t h e y  r e p r e s e n t  a n e g l i g i b l e  f r a c t i o n  
o f  t h e  t o t a l  f u e l  mass. (By 20" ATDC o n l y  t r a c e  amounts o f  f u e l  rema in  as drop-  
l e t s . )  D u r i n g  t h e  expans ion  s t r o k e ,  p i s ton -d rawn  flow deve lops ,  and t h e  i n j e c -  
t i o n - g e n e r a t e d  f low decays. The flow i s  n e a r l y  u n i d i r e c t i o n a l  by  60" ATDC, and 
t h e  r e m a i n i n g  d r o p l e t s  a r e  l o c a t e d  on  t h e  p i s t o n  s i d e  of what once was t h e  i n j e c -  
t i o n  v o r t e x .  (The v a p o r i z a t i o n  r a t e  decreases d r a s t i c a l l y  by s e v e r a l  o r d e r s  o f  
magn i tude as t h e  gas-phase tempera tu re  decreases i n  t h e  expans ion  s t r o k e . )  
For a s w i r l  ang le  o f  11.25",  f i g u r e  20 i n d i c a t e s  t h a t  s w i r l  i nduces  
l a r g e - s c a l e  v o r t e x e s  i n  t h e  r e g i o n  between t h e  c y l i n d e r  head and c y l i n d e r  w a l l .  
The gas-phase v e l o c i t y  p r o f i l e  near  t h e  i n j e c t o r  i s  s i m i l a r  t o  t h e  n o - s w i r l  
case, and s i m i l a r  f u e l  p e n e t r a t i o n  and v a p o r i z a t i o n  p a t t e r n s  a r e  shown i n  t h e  
l o w - s w i r l  and no-swir l  c a s e s .  
For  a s w i r l  ang le  o f  22 .5" ,  f i g u r e  20 shows much more complex gas-phase 
v e l o c i t y  p r o f i l e s  t h a n  were p r e s e n t  i n  t h e  n o - s w i r l  case, a l t h o u g h  s i m i l a r  
t r e n d s  a r e  shown near t h e  i n j e c t o r .  The i n j e c t i o n  v o r t e x  deve lops  i n  t h e  c l e a r -  
ance space between t h e  head and t h e  p i s t o n  near  t h e  i n j e c t o r .  Momentum exchange 
d r i v e s  t h e  gas-phase v e l o c i t y  i n  t h a t  r e g i o n ,  and d r o p l e t s  t e n d  t o  fo l low t h e  
d e v e l o p i n g  l a r g e - s c a l e  m o t i o n s .  Away from t h e  i n j e c t o r ,  t h e  s w i r l - i n d u c e d  
l a r g e - s c a l e  mo t ions  a r e  d r a s t i c a l l y  d i f f e r e n t  from those  i n  t h e  n o - s w i r l  case. 
A s t r o n g  r a d i a l  v e l o c i t y  component f low occup ies  t h e  m i d c y l i n d e r  r e g i o n ,  and two 
v o r t e x e s  r e t u r n  mass a l o n g  t h e  c y l i n d e r  head and p i s t o n  f a c e .  The e f f e c t s  o f  
p i s t o n  m o t i o n  and t h e  s w i r l - i n d u c e d  p r o f i l e s  a r e  c l e a r l y  e v i d e n t  and a r e  n o t  o f  
secondary impor tance t o  t h e  i n j e c t i o n  v o r t e x .  S i g n i f i c a n t  c o u p l i n g  o c c u r s  
between t h e  i n j e c t i o n - g e n e r a t e d  v o r t e x  and t h e  s w i r l - c r e a t e d  v o r t e x e s  and tends  
t o  draw t h e  d r o p l e t s  deeper i n t o  t h e  c y l i n d e r ,  t h u s  i n c r e a s i n g  t h e  l i q u i d  f u e l  
p e n e t r a t i o n .  Some o f  t h e  d r o p l e t s  appear t o  s t r i k e  t h e  p i s t o n  f a c e .  A s  i n  t h e  
n o - s w i r l  case, most o f  t h e  f u e l  i s  v a p o r i z e d  be fore  i t  can escape from t h e  i n j e c -  
t i o n  v o r t e x .  Thus, a l t h o u g h  c o u p l i n g  e x i s t s ,  t h e  g l o b a l  e f f e c t  o f  s w i r l  on  t h e  
i n j e c t e d  sp ray  v a p o r i z a t i o n  i s  secondary i n  n a t u r e .  D u r i n g  expans ion ,  t h e  
r e m a i n i n g  d r o p l e t s  a r e  drawn f a r t h e r  toward  t h e  c y l i n d e r  w a l l  and a r e  more com- 
p l  e t e  1 y vapor  i zed. 
F i g u r e  20  a l s o  shows t h e  v e l o c i t y  v e c t o r s  and d r o p l e t  l o c a t i o n s  f o r  i n t a k e  
s w i r l  ang les  o f  30" and 45" .  The graphs show t h a t  t h e  i n j e c t i o n - d o m i n a t e d  
r e g i o n ,  i n  wh ich  momentum t r a n s f e r  d i c t a t e s  t h e  f low, i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  t h e  s w i r l  l e v e l s  i n  t h e  c y l i n d e r .  The d r o p l e t s  a r e  c o n f i n e d  t o  a r e l a t i v e l y  
compact r e g i o n  near t h e  c e n t e r l i n e  and around t h e  i n j e c t i o n  v o r t e x .  I n c r e a s i n g  
t h e  s w i r l  v e l o c i t y  r e s u l t s  i n  secondary c o u p l i n g  between t h e  i n j e c t i o n  v o r t e x  
and t h e  two s w i r l - g e n e r a t e d  v o r t e x e s ,  and tends  t o  draw t h e  sp ray  deeper i n t o  
t h e  c y l i n d e r .  Aga in ,  t h e  sp ray  p r e d o m i n a n t l y  fol lows t h e  l a r g e - s c a l e  mo t ion ,  
and r a p i d  v a p o r i z a t i o n  occu rs  b e f o r e  t h e  d r o p l e t s  can t r a v e r s e  l a r g e  d i s t a n c e s .  
The v e l o c i t y  p r o f i l e s  away from t h e  i n j e c t i o n  v o r t e x  a r e  q u a l i t a t i v e l y  s i m i l a r  l 
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i n  form b u t  d i f f e r e n t  i n  magn i tude:  h i g h e r  s w i r l  v e l o c i t i e s  r e s u l t  i n  s t r o n g e r  
t o r o i d a l  v o r t e x e s .  W i t h  i n c r e a s i n g  l e v e l s  o f  s w i r l ,  more o f  t h e  r e m a i n i n g  drop-  
l e t s  a r e  swept towards t h e  c y l i n d e r  w a l l ,  and more comple te  v a p o r i z a t i o n  o c c u r s .  
I n  f i g u r e  20, some v e l o c i t y  v e c t o r  p l o t s  c o r r e s p o n d i n g  t o  t h e  expans ion  
s t r o k e  a r e  p resen ted  a t  s e l e c t e d  c r a n k s h a f t  ang les  (60 "  and 108" ATDC) as a func -  
t i o n  o f  t h e  i n t a k e  p o r t  s w i r l  ang le .  
For a s w i r l  a n g l e  o f  0",  f i g u r e  20 i n d i c a t e s  t h a t  t h e  p i s t o n  d r i v e s  t h e  
flow i n  t h e  expans ion  s t r o k e ;  t h e  f low i s  a lmos t  u n i d i r e c t i o n a l  excep t  near  t h e  
c y l i n d e r  head, where t h e  e f f e c t s  of i n j e c t i o n  a r e  s t i l l  f e l t .  A s  soon as t h e  
exhaust  p o r t  i s  open, t h e  h igh -p ressu re  f l u i d  i n  t h e  c y l i n d e r  i s  d i r e c t e d  toward  
t h e  exhaust  p o r t ;  t h e  f l u i d  near  t h e  p i s t o n  s t i l l  moves w i t h  t h e  p i s t o n .  
For a s w i r l  a n g l e  o f  22.5",  t h e  d r o p l e t s  l o c a t e d  near  t h e  c y l i n d e r  w a l l  f o l -  
low t h e  u n i d i r e c t i o n a l  p i s t o n  mo t ion .  However, a c o u n t e r c l o c k w i s e - r o t a t i n g  eddy 
l o c a t e d  a t  t h e  c o r n e r  between t h e  c y l i n d e r  head and t h e  c y l i n d e r  w a l l  can be 
seen a t  80" ATDC ( n o t  shown i n  f i g u r e  20 ) .  T h i s  eddy i s  s t r e t c h e d  i n  t h e  expan- 
s i o n  s t r o k e  and d i s p l a c e d  a l o n g  t h e  c y l i n d e r  w a l l .  
c l o c k w i s e - r o t a t i n g  eddy i n  t h e  expans ion  s t r o k e  can a l s o  be observed a t  70" ATDC 
( n o t  shown i n  f i g u r e  20) for  s w i r l  ang les  o f  30", 36", and 45". For a s w i r l  
a n g l e  o f  45",  t h i s  eddy b reaks  down i n t o  two edd ies :  one eddy i s  l o c a t e d  a t  t h e  
c o r n e r  between t h e  c y l i n d e r  head and t h e  c y l i n d e r  w a l l ;  t h e  o t h e r  i s  l o c a t e d  a t  
t h e  c y l i n d e r  head. The v o r t e x  breakdown i s  a f u n c t i o n  o f  t h e  s w i r l  ang le ,  as 
t h e  r e s u l t s  p r e v i o u s l y  shown i n  f i g u r e  16 i n d i c a t e .  F i g u r e  20 shows t h a t  t h e  
l i f e t i m e  and number o f  edd ies  i n  t h e  eng ine  c y l i n d e r  depend on t h e  amount o f  
i n t a k e  p o r t  s w i r l .  
s w i r l  number i s  i n c r e a s e d .  
The presence o f  a coun te r -  
I t  a l s o  i n d i c a t e s  t h a t  complex f low p a t t e r n s  r e s u l t  as t h e  
Fuel  mass f r a c t i o n  i s o c o n t o u r s  a r e  shown i n  f i g u r e  21 i n  o r d e r  t o  i l l u s -  
t r a t e  t h e  f u e l  v a p o r i z a t i o n  and m i x i n g  as a f u n c t i o n  o f  t h e  c r a n k s h a f t  ang le  and 
t h e  s w i r l  ang le .  The r e s u l t s  p resen ted  i n  f i g u r e  21 co r respond  t o  pu re  n-dode- 
cane. For a s w i r l  a n g l e  o f  0",  f i g u r e  21 shows t h e  p e n e t r a t i o n  o f  t h e  v a p o r i z e d  
f u e l  as a f u n c t i o n  o f  t h e  c r a n k s h a f t  ang le .  The f u e l  mass f r a c t i o n  i s o c o n t o u r s  
a r e  r e l a t e d  t o  t h e  l o c a t i o n  and s i z e  o f  t h e  d r o p l e t s  shown i n  f i g u r e  20. The 
v a p o r i z e d  f u e l  d i s p l a c e s  t h e  oxygen (no  combust ion i s  p r e s e n t  i n  t h e  c a l c u l a -  
t i o n s )  and i s  d i f f u s e d  i n  t h e  r a d i a l  and a x i a l  d i r e c t i o n s .  The h i g h e s t  concen- 
t r a t i o n s  of f u e l  vapor  o c c u r  near  t h e  c y l i n d e r  head because o f  t h e  r a p i d  
v a p o r i z a t i o n  r a t e s ,  t h e  d i s p e r s i v e  a c t i o n  o f  t h e  c r o s s - f l o w  v e l o c i t y  near  t h e  
i n j e c t o r ,  and t h e  l a r g e  i n j e c t i o n  a n g l e  used i n  t h e  c a l c u l a t i o n s .  A t  70" ATDC, 
i t  i s  c l e a r l y  seen t h a t  v e r y  l i t t l e  f u e l  vapor has reached t h e  c y l i n d e r  head and 
t h e  p i s t o n .  
F i g u r e  21 a l s o  shows t h e  e f f e c t s  o f  s w i r l  on t h e  f u e l  mass f r a c t i o n  p ro -  
f i l e s ,  f o r  s w i r l  ang les  o f  11 .25" ,  22 .5" .  30", and 45", r e s p e c t i v e l y .  A s  i n  
f i g u r e  20, t h e  f u e l  mass f r a c t i o n  c o n t o u r s  a r e  m o d e r a t e l y  i n s e n s i t i v e  t o  t h e  
amount o f  s w i r l  p r e s e n t  i n  t h e  c y l i n d e r .  (The main mechanisms r e s p o n s i b l e  f o r  
v a p o r i z a t i o n ,  t empera tu re  and f u e l  mass f r a c t i o n ,  a r e  l a r g e l y  u n a f f e c t e d  by  
i n c r e a s e d  l e v e l s  o f  s w i r l ,  because t h e  sp ray  c o m p l e t e l y  d r i v e s  t h e  f low near  t h e  
i n j e c t o r . )  S i m i l a r  f u e l  mass f r a c t i o n  d i s t r i b u t i o n s  a r e  observed d u r i n g  
i n j e c t i o n  between t h e  case of low s w i r l  (11 .25" )  and t h e  case o f  no s w i r l .  
moderate change i n  p r o f i l e s  can be observed between t h e  n o - s w i r l  and t h e  22.5" 
s w i r l  cases, b u t  a lmos t  no change occu rs  w i t h  i n c r e a s i n g  l e v e l s  o f  s w i r l .  
A l t hough  s w i r l  i n c r e a s e s  t h e  d i s p e r s i o n  o f  t h e  r e m a i n i n g  d r o p l e t s  e a r l y  i n  t h e  
expans ion  s t r o k e ,  these d r o p l e t s  do n o t  have a p p r e c i a b l e  mass t o  v a p o r i z e .  Most 
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of t h e  v a p o r i z a t i o n  t h a t  o c c u r s  does so e a r l y  a f t e r  i n j e c t i o n  i n  t h e  r e g i o n s  
where i n j e c t i o n - i n d u c e d  flows dominate .  Hence f u e l  p e n e t r a t i o n  and v a p o r i z a t i o n  
a r e  f a i r l y  i n s e n s i t i v e  t o  i n c r e a s e d  l e v e l s  of s w i r l .  
t h a t  t h i s  i n s e n s i t i v i t y  may be due t o  t h e  i n i t i a l  d r o p l e t  d iamete rs  employed i n  
t h e  c a l c u l a t i o n s .  For i n i t i a l  l a r g e r  d r o p l e t  d i a m e t e r s ,  i t  i s  expec ted  t h a t  
s w i r l  w i l l  have a p r o f o u n d  e f f e c t  on d e t e r m i n i n g  t h e  f u e l  p e n e t r a t i o n  and 
v a p o r i z a t i o n .  
I t  shou ld  be p o i n t e d  o u t  
F i g u r e  22 shows t h e  Sau te r  mean d iamete r  (SMD) d i s t r i b u t i o n s  a t  s e l e c t e d  
c r a n k s h a f t  ang les  as a f u n c t i o n  o f  t h e  i n t a k e  p o r t  s w i r l  a n g l e .  The Sauter  mean 
d iamete rs  p resen ted  i n  f i g u r e  22 were c a l c u l a t e d  from t h e  number o f  d r o p l e t s  
l o c a t e d  i n  t h e  compu ta t i ona l  c e l l s  and were ass igned  t o  t h e  nodes i n  each o f  
these c e l l s .  The SMD d i s t r i b u t i o n s  i l l u s t r a t e  t h e  f u e l  p e n e t r a t i o n  and vapor i za -  
t i o n  as a f u n c t i o n  o f  t i m e .  The r e s u l t s  shown i n d i c a t e  t h a t  t h e  d r o p l e t s  a r e  
e n t r a i n e d  by  t h e  i n j e c t i o n - g e n e r a t e d  eddy. E f f e c t i v e  d i s p e r s i o n  a c c o r d i n g  t o  
s i z e  o c c u r s  near t h e  i n j e c t o r  and a t  t h e  sp ray  t i p  because l a r g e  d r o p l e t s  t r a v e l  
more c l o s e l y  a l o n g  t h e i r  o r i g i n a l  t r a j e c t o r i e s  t h a n  do  s m a l l e r  d r o p l e t s .  
F i g u r e  22 a l s o  i n d i c a t e s  t h a t  medium and h i g h  s w i r l  l e v e l s  d i s p l a c e  t h e  
d r o p l e t s  toward  t h e  c y l i n d e r  w a l l ,  as p r e v i o u s l y  shown i n  f i g u r e  20. A compari-  
son o f  t h e  r e s u l t s  o b t a i n e d  w i t h  0" and 22 .5"  s w i r l  ang les  i n d i c a t e s  t h a t  as t h e  
magnitude o f  s w i r l  i s  i n c r e a s e d ,  t h e  a x i a l  sp ray  p e n e t r a t i o n  i n c r e a s e s .  T h i s  
can be observed by comparing t h e  r e s u l t s  a t  30" ATDC. I n  t h e  absence o f  s w i r l ,  
t h e  d r o p l e t s  a r e  e n t r a i n e d  by t h e  i n j e c t i o n - g e n e r a t e d  v o r t e x .  However, as t h e  
s w i r l  a n g l e  i n c r e a s e s ,  t h e  l a r g e r  d r o p l e t s  a r e  d i s p l a c e d  toward  t h e  c y l i n d e r  
w a l l .  S i m i l a r  r e s u l t s  a r e  shown fo r  s w i r l  ang les  of 30" and 45" .  Also e v i d e n t  
a r e  t h e  e f f e c t s  o f  v a p o r i z a t i o n .  The i n c r e a s e d  v a p o r i z a t i o n  r a t e s  a s s o c i a t e d  
w i t h  s w i r l  can be observed by  comparing t h e  n o - s w i r l  case w i t h  t h e  22.5" s w i r l  
case. These r e s u l t s  i n d i c a t e  t h a t  t h e  v a p o r i z a t i o n  r a t e  i n c r e a s e s  as t h e  i n t a k e  
s w i r l  a n g l e  i s  i n c r e a s e d .  
F i g u r e  23 shows tempera tu re  i s o c o n t o u r s  t h r o u g h  t h e  i n j e c t i o n  and blowdown 
p e r i o d s .  The tempera tu re  d i s t r i b u t i o n s  d u r i n g  t h e  i n t a k e  and exhaus t  s t r o k e s  
a r e  n o t  p r e s e n t e d  he re .  I n  t h e  i n t a k e  stroke, t h e  tempera tu re  f i e l d  i s  a lmos t  
u n i f o r m  t h r o u g h  t h e  eng ine  c y l i n d e r  excep t  near  t h e  w a l l s ,  where s teep  tempera- 
t u r e  g r a d i e n t s  e x i s t .  The t u r b o c h a r g e r  d i s c h a r g e s  warm a i r  (350 K )  i n t o  t h e  c y l -  
i n d e r  t h r o u g h  t h e  i n t a k e  p o r t .  T h i s  a i r  mixes w i t h  t h e  r e s i d u a l  mass, and t h e  
m i x t u r e  reaches an a lmos t  u n i f o r m  tempera tu re  i n  t h e  i n t a k e  s t r o k e .  
F i g u r e  23 shows t h a t  f o r  t h e  n o - s w i r l  c o n d i t i o n s ,  t h e  h i g h e s t  t empera tu re  
o c c u r s  i n  m i d c y l i n d e r ,  away from t h e  c o l d  s o l i d  w a l l s .  The i n j e c t e d  f u e l  
exchanges h e a t  w i t h  t h e  gas phase and y i e l d s  r e g i o n s  of low tempera tu res  near  
t h e  i n j e c t o r .  A s  t h e  f u e l  p e n e t r a t e s  i n t o  t h e  c y l i n d e r  and i s  v a p o r i z e d ,  t h e  
gas-phase tempera tu re  decreases ,  and t h e  h o t  a i r  i s  d i s p l a c e d  toward  t h e  c y l i n -  
d e r  w a l l ,  as shown a t  10" ATDC. L o c a l i z e d  r e g i o n s  o f  c o l d  gas e x i s t  near  t h e  
i n j e c t o r  because o f  v a p o r i z a t i o n .  
t u r e  decreases, l i q u i d  d r o p l e t s  remain  unvapor i zed ,  and t h e  m i x t u r e  tempera tu re  
becomes more u n i f o r m .  
I n  t h e  expans ion  s t r o k e ,  t h e  c y l i n d e r  tempera- 
As s w i r l  ang le  i s  i n c r e a s e d ,  t h e  sp ray  p e n e t r a t i o n  a l s o  i n c r e a s e s .  T h i s  
r e s u l t s  i n  l a r g e r  c o l d  r e g i o n s  i n  m i d c y l i n d e r .  Fur thermore ,  as t h e  s w i r l  ang le  
i nc reases ,  a l a r g e r  number o f  d r o p l e t s  a r e  d i r e c t e d  toward  t h e  c y l i n d e r  w a l l .  
F i g u r e s  22 and 23 c l e a r l y  i l l u s t r a t e  t h a t  t h e r e  a r e  a t  l e a s t  two f a c t o r s  
a f f e c t i n g  t h e  f u e l  v a p o r i z a t i o n :  s w i r l  and r e s i d e n c e  t i m e .  H igh  s w i r l  l e v e l s  
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i n c r e a s e  t h e  momentum, mass, and h e a t  exchanges between t h e  d r o p l e t s  and t h e  gas 
phase and i n c r e a s e  t h e  t u r b u l e n t  d i s p e r s i o n  of d r o p l e t s  and d i f f u s i o n  o f  s c a l a r s .  
However, i f  t h e  d r o p l e t s  do n o t  spend a s u f f i c i e n t  amount o f  t i m e  w i t h i n  t h e  h o t  
t u r b u l e n t  edd ies ,  r e s i d i n g  o n l y  i n  t h e  r e g i o n s  t h a t  v a p o r i z i n g  d r o p l e t s  have 
coo led ,  v e r y  l i t t l e  v a p o r i z a t i o n  o c c u r s ,  and vapor accumula tes  near  t h e  c o l d  c y l -  
i n d e r  w a l l ,  where t h e  tempera tu res  a r e  low and where some d r o p l e t s  remain 
unvapor i zed .  
I n  f i g u r e  24, t h e  t u r b u l e n c e  k i n e t i c  energy p r o f i l e s  a r e  shown d u r i n g  t h e  
i n j e c t i o n  p e r i o d  and i n  t h e  expans ion  stroke. These p r o f i l e s  i n d i c a t e  t h a t  t u r -  
bu lence i s  a lmos t  un i fo rm t h r o u g h o u t  t h e  engine c y l i n d e r  a t  about  350" ATDC, 
w i t h  t h e  e x c e p t i o n  t h a t  i n j e c t i o n - g e n e r a t e d  t u r b u l e n c e  i s  d i f f u s e d  r a p i d l y  and 
becomes u n i f o r m  s h o r t l y  a f t e r  t h e  end o f  i n j e c t i o n .  
h e r e ) ,  t u r b u l e n c e  i s  genera ted  near  t h e  exhaust  p o r t  because o f  t h e  l o c a l  a c c e l -  
e r a t i o n  t h a t  t h e  f low exper iences  when e x c i t i n g  t h e  eng ine  c y l i n d e r .  T h i s  l o c a l  
g e n e r a t i o n  o f  t u r b u l e n c e  d i f f u s e s  t h r o u g h o u t  t h e  chamber. A d d i t i o n a l  t u r b u l e n c e  
i s  genera ted  when t h e  p i s t o n  uncovers t h e  i n t a k e  p o r t  and t h e  t u r b o c h a r g e r  
d i s c h a r g e s  a i r  i n t o  t h e  c y l i n d e r .  
D u r i n g  blowdown ( n o t  shown 
F i g u r e  2 4  a l s o  shows t h a t  smal l  l e v e l s  of t u r b u l e n c e  a r e  genera ted  a t  t h e  
p i s t o n  f a c e  and a t  t h e  c y l i n d e r  w a l l s .  However, t h i s  t u r b u l e n c e  g e n e r a t i o n  i s  
much s m a l l e r  t han  t h e  i n t a k e  and i n j e c t i o n - g e n e r a t e d  t u r b u l e n c e .  Fu r the rmore ,  
t h e  hydrodynamic and the rma l  boundary l a y e r s  w e r e  n o t  p r o p e r l y  r e s o l v e d  i n  t h e  
c a l c u l a t i o n s  p r e s e n t e d  he re .  T h e r e f o r e ,  t h i s  w e l l - g e n e r a t e d  t u r b u l e n c e  may be a 
d i r e c t  consequence o f  t h e  poor  numer i ca l  r e s o l u t i o n  near  t h e  s o l i d  w a l l s .  I t  
may a l s o  be a r e s u l t  o f  t h e  s p e c u l a r  r e f l e c t i o n  t h a t  t h e  d r o p l e t s  exper ience  as 
t h e y  rebound from t h e  s o l i d  w a l l s .  Depending on t h e  w a l l  t empera tu re ,  t h e  drop-  
l e t s  can c o l l i d e  w i t h  t h e  w a l l ,  can a t t a c h  t o  t h e  w a l l ,  or can bounce o f f  or 
s h a t t e r ,  or b o t h .  An a c c u r a t e  r e p r e s e n t a t i o n  of these p rocesses ,  which i n v o l v e  
p r e f e r e n t i a l  shear,  d r o p l e t  v e l o c i t y ,  s u r f a c e  t e n s i o n ,  w a l l  t empera tu re ,  and 
boundary l a y e r  t h i c k n e s s ,  i s  n o t  a v a i l a b l e  a t  t h e  p r e s e n t  t i m e .  I n  t h e  absence 
o f  b e t t e r  i n f o r m a t i o n  and e x p e r i m e n t a l  d a t a ,  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  
r e p o r t  when t h e  d r o p l e t s  s t r i k e  s o l i d  w a l l s  must be c o n s i d e r e d  w i t h  c a u t i o n .  
The h e a t  t r a n s f e r  l o s s e s  t h r o u g h  t h e  c y l i n d e r  w a l l  i n c r e a s e  w i t h  t h e  s w i r l  
a n g l e ;  t h e  d i f f e r e n c e  i n  h e a t  t r a n s f e r  l o s s e s  t h r o u g h  t h e  c y l i n d e r  w a l l  i s  about  
500 c a l / s e c  between s w i r l  ang les  0" and 4 5 " .  S i m i l a r  t r e n d s  a r e  observed i n  t h e  
h e a t  t r a n s f e r  l o s s e s  t h r o u g h  t h e  c y l i n d e r  head and t h e  p i s t o n .  The i n s t a n t a n e -  
ous h e a t  t r a n s f e r  l o s s e s  t h r o u g h  t h e  c y l i n d e r  head a r e  s m a l l e r  t h a n  those  t h r o u g h  
t h e  p i s t o n .  The h e a t  t r a n s f e r  l o s s e s  th rough  t h e  c y l i n d e r  w a l l  peak b e f o r e  
top-dead-center  because o f  t h e  c o o l i n g  e f f e c t  a s s o c i a t e d  w i t h  d r o p l e t  
v a p o r i z a t i o n  ( r e f .  2 6 ) .  
APPENDIX 6 .  - DETAILED EFFECTS OF E N G I N E  SPEED 
The e f f e c t s  o f  engine speed on t h e  f low f i e l d  a r e  shown i n  d e t a i l  i n  
f i g u r e s  25 to  30. The speeds chosen w e r e  1500 and 2000 rpm. The case o f  
1000 rpm was i n v e s t i g a t e d  f o r  d i f f e r e n t  s w i r l  l e v e l s  and can be f o u n d  i n  f i g u r e  
30 and i n  appendix E .  F i g u r e  25 shows t h e  u-v gas-phase v e l o c i t y  f i e l d  and t h e  
d r o p l e t  l o c a t i o n s  a t  350", 360",  l o " ,  30",  60°,  and 108" ATDC. F i g u r e  2 5  c l e a r l y  
i l l u s t r a t e s  t h e  presence o f  a c l o c k w i s e - r o t a t i n g  eddy l o c a t e d  near  t h e  c y l i n d e r  
w a l l .  T h i s  eddy was c r e a t e d  d u r i n g  t h e  i n t a k e  process and p e r s i s t s  d u r i n g  a 
l a r g e  f r a c t i o n  of t h e  compression s t r o k e .  For convenience, t h i s  eddy i s  named 
t h e  " i n t a k e "  eddy. The f u e l  i n j e c t i o n  c r e a t e s  two e d d i e s :  t h e  f i rst one r o t a t e s  
c l o c k w i s e  and i s  l o c a t e d  between t h e  f u e l  spray and t h e  c y l i n d e r  c e n t e r l i n e ;  t h e  
o t h e r  v o r t e x  r o t a t e s  c o u n t e r c l o c k w i s e  and i s  l o c a t e d  between t h e  c y l i n d e r  head 
and t h e  f u e l  sp ray .  For convenience, these edd ies  a r e  named t h e  " c l o c k w i s e "  and 
" c o u n t e r c l o c k w i s e "  i n j e c t i o n  e d d i e s .  
The c l o c k w i s e  i n j e c t i o n  eddy e n t r a i n s  l i q u i d  d r o p l e t s .  The amount o f  
e n t r a i n m e n t  decreases w i t h  t h e  engine speed, as shown i n  f i g u r e  25 a t  360" ATDC 
(or TDC) .  By t h e  end of i n j e c t i o n  (5"  ATDC) t h e  c l o c k w i s e  i n j e c t i o n  v o r t e x  i s  
d i s p l a c e d  r a d i a l l y  towards t h e  c y l i n d e r  w a l l .  The r a d i a l  and a x i a l  p e n e t r a t i o n s  
o f  t h e  spray decrease w i t h  t h e  engine speed, as shown a t  10" ATDC. S i m i l a r  
r e s u l t s  can be observed a t  30",  6 0 " ,  and 108" ATDC. 
The r e s u l t s  p r e s e n t e d  i n  f i g u r e  25 d e f y  p h y s i c a l  i n t u i t i o n  i n  some r e s p e c t s .  
One would expec t  t h a t ,  as t h e  engine speed i s  i nc reased ,  t h e  t u r b u l e n c e  k i n e t i c  
energy and gas-phase v e l o c i t y  i n c r e a s e .  There fo re ,  t u r b u l e n t  d i s p e r s i o n  and 
d r o p l e t  v a p o r i z a t i o n  r a t e  shou ld  i n c r e a s e .  The r e s u l t s  shown i n  f i g u r e  25, how- 
e v e r ,  show t h a t  d r o p l e t  d i s p e r s i o n  decreases w i t h  t h e  engine speed. One can con- 
j e c t u r e  t h a t  h i g h  l e v e l s  o f  t u r b u l e n c e  a r e  n o r m a l l y  a s s o c i a t e d  w i t h  h i g h  l e v e l s  
o f  t u r b u l e n c e  d i s s i p a t i o n  and t h a t  a t  h i g h  engine speed, t h e  d i s s i p a t i o n  t e r m s  
i n  t h e  t u r b u l e n c e  k i n e t i c  energy  e q u a t i o n  a r e  l a r g e r  than  those a t  l ower  engine 
speed. 
The r e s u l t s  p resen ted  i n  f i g u r e  25 correspond t o  t h e  same i n j e c t i o n  ve loc -  
i t y .  Also, t h e  n o - s l i p  c o n d i t i o n  between t h e  l i q u i d  and gas phases was used 
near  t h e  i n j e c t o r .  A s  t h e  engine speed i s  i nc reased ,  t h e  p i s t o n  v e l o c i t y  and 
t h e  a x i a l  v e l o c i t y  i n c r e a s e .  S ince  t h e  d r o p l e t s  a r e  i n j e c t e d  a g a i n s t  t h e  moving 
gas flow, t h e y  exper ience  l a r g e r  d e c e l e r a t i o n s  as t h e  engine speed i n c r e a s e s ;  
t h i s  causes a decrease i n  t h e  d r o p l e t  v a p o r i z a t i o n  r a t e  a t  h i g h  eng ine  speed as 
compared t o  what i s  observed a t  lower speed, where t h e  gas-phase v e l o c i t y  i s  
s m a l l e r .  
F i g u r e  26 shows t h e  n a t u r a l  l o g a r i t h m  o f  t h e  t u r b u l e n c e  k i n e t i c  energy pro-  
F i g u r e  26 a l s o  i n d i c a t e s  t h a t  t u r b u l e n c e  i s  u n i f o r m  t h r o u g h o u t  t h e  
Turbu lence i s  
f i l e s  a t  350", 360", l o " ,  30". and 60" ATDC a t  1500 and 2000 rpm. T h i s  f i g u r e  
c l e a r l y  i n d i c a t e s  t h a t  t h e  t u r b u l e n c e  k i n e t i c  energy  i s  h i g h e r  a t  2000 rpm than  
a t  1500 rpm. 
engine c y l i n d e r  except  f o r  s teep  g r a d i e n t s  a t  t h e  c y l i n d e r  w a l l s .  
generated by t h e  f u e l  i n j e c t i o n  p rocess  b u t  i s  d i f f u s e d  and convec ted  r a d i a l l y  
and a x i a l l y  t h roughou t  t h e  c y l i n d e r .  A f t e r  i n j e c t i o n  i s  completed,  t h e  t u r b u -  
l e n c e  l e v e l s  i n  t h e  c y l i n d e r  decay, b u t  some n o n u n i f o r m i t i e s  can s t i l l  be 
observed near  t h e  i n j e c t o r  and t h e  c y l i n d e r  w a l l  a t  60" ATDC. F i g u r e  27 shows 
t h e  n a t u r a l  l o g a r i t h m  o f  t h e  d i s s i p a t i o n  r a t e  o f  t u r b u l e n c e  k i n e t i c  energy a t  
26 
350", l o " ,  and 60" ATDC a t  1500 and 2000 rpm. The d i s s i p a t i o n  r a t e  mimics t h e  
t u r b u l e n c e  k i n e t i c  energy  t r e n d s  - l a r g e r  l e v e l s  o f  d i s s i p a t i o n  r a t e  a r e  
observed a t  2000 rpm than  a t  1500 rpm. 
A c l e a r  i n d i c a t i o n  o f  t h e  f u e l  p e n e t r a t i o n  and v a p o r i z a t i o n  can be 
o b t a i n e d  by a n a l y z i n g  t h e  Sau te r  mean d iamete r  (SMD) d i s t r i b u t i o n s .  The SMD was 
computed i n  each c e l l  by a c c o u n t i n g  f o r  t h e  t o t a l  number o f  d r o p l e t s  i n  each 
c e l l .  The SMD p r o f i l e s  a r e  shown i n  f i g u r e  28 a t  350°, 360", l o " ,  30" ,  and 60" 
ATDC. F i g u r e  28 c l e a r l y  i l l u s t r a t e s  t h a t  t h e  r a d i a l  and a x i a l  p e n e t r a t i o n  o f  
t h e  sp ray  a r e  h i g h e r  a t  1500 rpm than  a t  2000 rpm. I n  f a c t ,  t h e  r e s u l t s  shown 
i n  t h e  f i g u r e  i n d i c a t e  t h a t  d r o p l e t s  fo l low t h e  c l o c k w i s e  i n j e c t i o n  v o r t e x  more 
c l o s e l y  a t  1500 rpm than  a t  2000 rpm. S ince  t h e  same i n j e c t i o n  v e l o c i t y  was 
used a t  1500 rpm and a t  2000 rpm and t h e  n o - s l i p  c o n d i t i o n  between t h e  gas and 
t h e  l i q u i d  phases was imposed near  t h e  i n j e c t o r ,  one would expec t  t h a t  d r o p l e t  
v a p o r i z a t i o n  and d i s p e r s i o n  a r e  i n i t i a l l y  c o n t r o l l e d  by t h e  random t u r b u l e n t  
v e l o c i t y  imposed on each d r o p l e t .  A s  t h e  d r o p l e t s  move f a r t h e r  i n t o  t h e  c y l i n -  
d e r ,  t h e y  shou ld  exper ience  more d r a g  a t  h i g h  eng ine  speed t h a n  a t  low eng ine  
speed because t h e  gas-phase v e l o c i t y  i s  h i g h e r  a t  2000 rpm than  a t  1500 rpm. 
T h e r e f o r e ,  t h e  d r o p l e t s  do n o t  p e n e t r a t e  as much a t  '2000 rpm as a t  1500 rpm. 
T h i s  j u s t i f i e s ,  i n  p a r t ,  t h e  r e s u l t s  p r e s e n t e d  i n  f i g u r e s  25 and 28. F u r t h e r -  
more, s i n c e  t h e  d r o p l e t s  a r e  more d e c e l e r a t e d  a t  h i g h e r  eng ine  speed, t h e y  
shou ld  come c l o s e r  t o  each o t h e r ,  as t h e  r e s u l t s  p resen ted  i n  f i g u r e  25 
i n d i c a t e .  I f  t h e  d r o p l e t  p a c k i n g  becomes v e r y  l a r g e ,  t h e  t h i n  sp ray  approxima- 
t i o n  employed i n  t h i s  s t u d y  may n o t  be a p p l i c a b l e ,  and d r o p l e t  c o l l i s i o n s  and 
coa lescence may become v e r y  i m p o r t a n t .  I n  a d d i t i o n ,  s e v e r a l  d r o p l e t s  may be 
p r e s e n t  i n  a t u r b u l e n t  eddy and shou ld ,  i n  p r i n c i p l e ,  damp t h e  t u r b u l e n t  f l u c t u a -  
t i o n s  i f  t h e  l o a d i n g  i n  an eddy becomes l a r g e .  The e f f e c t s  o f  s e v e r a l  d r o p l e t s  
i n  a t u r b u l e n t  eddy need f u r t h e r  i n v e s t i g a t i o n .  
I n  f i g u r e  29, t h e  f u e l  vapor  mass f r a c t i o n  p r o f i l e s  a r e  shown a t  1500 and 
2000 rpm a t  350", 360", lo" ,  30",  and 60" ATDC. F i g u r e  29 c l e a r l y  i l l u s t r a t e s  
t h a t  more l i q u i d  f u e l  i s  v a p o r i z e d  and p e n e t r a t e s  f a r t h e r  i n t o  t h e  c y l i n d e r  a t  
1500 rpm than  a t  2000 rpm. T h i s  i s  a d i r e c t  consequence of t h e  l a r g e r  d r a g  and 
d e c e l e r a t i o n  t h a t  t h e  d r o p l e t s  exper ience  a t  h i g h  speed. F i g u r e  29 a l s o  shows 
t h a t  f u e l  vapor i s  p r e s e n t  c l o s e r  t o  t h e  c y l i n d e r  w a l l  and t h e  p i s t o n  a t  
1500 rpm t h a n  a t  2000 rpm. 
The tempera tu re  i n  t h e  c y l i n d e r  a t  1500 and 2000 rpm i s  p r e s e n t e d  i n  
f i g u r e  30. These r e s u l t s  i l l u s t r a t e  t h a t  v a p o r i z a t i o n  c o o l i n g  i s  more i m p o r t a n t  
a t  1500 rpm than  a t  2000 rpm. These r e s u l t s  a r e  c o n s i s t e n t  w i t h  those  shown i n  
f i g u r e s  25, 28, and 29, wh ich  i l l u s t r a t e  t h a t  f o r  t h e  range o f  eng ine  speed, 
d r o p l e t  d i a m e t e r ,  i n j e c t i o n  v e l o c i t y ,  sp ray  cone a n g l e ,  and i n j e c t i o n  d u r a t i o n  
s t u d i e d  he re ,  more f u e l  i s  v a p o r i z e d  a t  low speed than  a t  h i g h  speed, and t h a t  
t h e  f u e l  p e n e t r a t e s  f a r t h e r  i n t o  t h e  c y l i n d e r  a t  lower  speed. 
The e f f e c t s  o f  t h e  i n t a k e  s w i r l  ang le  a t  1500 and 2000 rpm a r e  a l s o  p r e -  
f i g u r e s  25 t o  30 i n  o r d e r  t o  compare them w i t h  those o b t a i n e d  w i t h  a 
e o f  0" .  
sented  i n  
s w i r l  ang 
S w i  r 
i s  d r i v e n  
a l o n g  t h e  
c l o c k w i s e  
c r e a t e s  complex f low p a t t e r n s  w i t h i n  t h e  eng ine  c y l i n d e r .  The f low 
toward  t h e  c y l i n d e r  w a l l  because o f  c e n t r i f u g a l  e f f e c t s  and r e t u r n s  
c y l i n d e r  head and p i s t o n .  However, f u e l  i n j e c t i o n  s t i l l  c r e a t e s  a 
i n j e c t i o n  v o r t e x  l o c a t e d  near  t h e  c y l i n d e r  c e n t e r l i n e .  
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F i g u r e  25 c l e a r l y  i n d i c a t e s  t h a t  as t h e  i n t a k e  s w i r l  ang le  i s  i nc reased ,  
t h e  r a d i a l  p e n e t r a t i o n  o f  t h e  sp ray  i n c r e a s e s ,  and fewer  d r o p l e t s  a r e  e n t r a i n e d  
by  t h e  c l o c k w i s e  i n j e c t i o n  eddy. F i g u r e  25 a l s o  shows t h a t  t h e  a x i a l  pene t ra -  
t i o n  o f  t h e  sp ray  decreases as t h e  i n t a k e  s w i r l  ang le  i s  i nc reased .  For a s w i r l  
ang le  o f  30" and a t  30" ATDC, more d r o p l e t s  have v a p o r i z e d  than  for n o - s w i r l  con- 
d i t i o n s .  I n  t h e  absence o f  s w i r l ,  t h e  d r o p l e t s  seem t o  be e n t r a i n e d  by  t h e  
c l o c k w i s e  i n j e c t i o n  v o r t e x .  F i g u r e  26 i n d i c a t e s  t h a t  t u r b u l e n c e  k i n e t i c  energy  
i n c r e a s e s  w i t h  t h e  s w i r l  ang le .  T h i s  i n c r e a s e  c o n t r i b u t e s  t o  d r o p l e t  d i s p e r s i o n  
th rough  t h e  random v e l o c i t y  used i n  t h e  d r o p l e t  d rag .  However, t u r b u l e n c e  
e f f e c t s  seem t o  be o f  secondary impor tance compared w i t h  mean f low e f f e c t s  such 
as t h e  az imu tha l  v e l o c i t y .  
F i g u r e  28 c l e a r l y  i n d i c a t e s  t h a t  t h e  d r o p l e t s  p e n e t r a t e  f a r t h e r  i n t o  t h e  
c y l i n d e r  as t h e  s w i r l  ang le  i s  i n c r e a s e d .  For example, f o r  a s w i r l  ang le  o f  30" 
and a t  30" ATDC, most o f  t h e  d r o p l e t s  a r e  l o c a t e d  near  t h e  m i d c y l i n d e r ,  whereas 
most o f  t h e  d r o p l e t s  a r e  e n t r a i n e d  b y  t h e  c l o c k w i s e  i n j e c t i o n  eddy fo r  a s w i r l  
ang le  o f  0".  Many d r o p l e t s  have reached t h e  c y l i n d e r  w a l l  by  60" ATDC and fo r  a 
s w i r l  ang le  o f  30". However, t h e  number o f  d r o p l e t s  wh ich  reaches t h e  c y l i n d e r  
w a l l  i s  sma l l  and c o n t r i b u t e s  v e r y  l i t t l e  t o  t h e  f u e l  vapor d i s t r i b u t i o n .  
F i g u r e  29 i l l u s t r a t e s  t h a t  f u e l  v a p o r i z a t i o n  i n c r e a s e s  as t h e  s w i r l  a n g l e  i s  
i nc reased .  I t  a l s o  shows t h a t  most d r o p l e t s  v a p o r i z e  b e f o r e  r e a c h i n g  t h e  c y l i n -  
d e r  w a l l  f o r  a s w i r l  a n g l e  of 30", whereas many d r o p l e t s  remain  unvapor i zed  near  
t h e  c y l i n d e r  w a l l  f o r  a s w i r l  a n g l e  o f  0".  T h e r e f o r e ,  s w i r l  i s  b e n e f i c i a l  i n  
enhanc ing  f u e l  v a p o r i z a t i o n  and f u e l  vapor p e n e t r a t i o n  i n  t h e  a x i a l  d i r e c t i o n .  
However, f o r  t h e  d r o p l e t  d i s t r i b u t i o n  f u n c t i o n  and t h e  i n j e c t i o n  v e l o c i t y  used 
i n  t h e  c a l c u l a t i o n  p resen ted  he re ,  most d r o p l e t s  v a p o r i z e  b e f o r e  r e a c h i n g  
m i d c y l i n d e r  f o r  a s w i r l  a n g l e  o f  30". For a s w i r l  a n g l e  o f  0", t h e  r a d i a l  pene- 
t r a t i o n  o f  t h e  f u e l  vapor  i s  l a r g e r  and i s  c o n c e n t r a t e d  near  t h e  c y l i n d e r  head. 
The tempera tu re  p r o f i l e s  p resen ted  i n  f i g u r e  30 i n d i c a t e  t h a t  v a p o r i z a t i o n  
c o o l i n g  o c c u r s  between m i d c y l i n d e r  and t h e  c y l i n d e r  c e n t e r l i n e  f o r  a s w i r l  a n g l e  
o f  30", whereas v a p o r i z a t i o n  c o o l i n g  o c c u r s  nea r  t h e  c y l i n d e r  head and a l o n g  t h e  
c l o c k w i s e  i n j e c t i o n  v o r t e x  f o r  a s w i r l  ang le  o f  0".  
The az imu tha l  v e l o c i t y  p r o f i l e s  a t  1500 and 2000 rpm ( n o t  shown he re )  
i n d i c a t e  t h a t  t h e  s w i r l  v e l o c i t y  i s  h i g h e r  a t  2000 rpm t h a n  a t  1500 rpm. f u e l  
i n j e c t i o n  r e s u l t s  i n  h i g h e r  az imu tha l  v e l o c i t i e s  nea r  t h e  i n j e c t o r .  The v e l o c i -  
t i e s  decay as soon as i n j e c t i o n  s tops  and become n e a r l y  u n i f o r m  t h r o u g h o u t  t h e  
eng ine  c y l i n d e r  i n  t h e  expans ion  s t r o k e .  
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APPENDIX  C.  - DETAILED EFFECTS OF INJECTION ANGLE 
F i g u r e s  31 and 35 show i n  d e t a i l  t h e  e f f e c t s  of t h e  i n j e c t i o n  a n g l e  a t  1000 
rpm f o r  a spray  cone a n g l e  o f  156". Fuel  was i n j e c t e d  i n t o  t h e  c y l i n d e r  a t  45" ,  
30", and 15" BTDC. I n  a l l  t h r e e  cases, i n j e c t i o n  was stopped a t  5"  ATDC. 
F i g u r e  31 shows t h e  v e l o c i t y  v e c t o r s  and d r o p l e t  l o c a t i o n s  a t  s e l e c t e d  
c r a n k s h a f t  ang les  i n  o r d e r  t o  i l l u s t r a t e  t h e  e f f e c t s  of t h e  i n j e c t i o n  ang le  and 
s w i r l  on t h e  f low f i e l d  and sp ray  p e n e t r a t i o n .  A t  335" ATDC, t h e  f u e l  t i p  i s  
beyond m i d c y l i n d e r  f o r  an i n j e c t i o n  ang le  o f  45" BTDC, whereas f o r  an i n j e c t i o n  
ang le  o f  30" BTDC t h e  sp ray  i s  l o c a t e d  near  t h e  c y l i n d e r  c e n t e r l i n e  and i s  
e n t r a i n e d  by t h e  c l o c k w i s e  i n j e c t i o n  v o r t e x .  
For an i n j e c t i o n  a n g l e  o f  45" BTDC, t h e  sp ray  p e n e t r a t e s  a l o n g  a 78" l i n e  
A f t e r  t h e  end o f  i n j e c t i o n ,  many d r o p l e t s  a r e  e n t r a i n e d  by t h e  
w i t h  t h e  c y l i n d e r  c e n t e r l i n e  and t h e n  i s  e n t r a i n e d  by t h e  c l o c k w i s e  i n j e c t i o n  
eddy as t h e  d r o p l e t s  v a p o r i z e .  D r o p l e t  d i s p e r s i o n  i s  c l e a r l y  v i s i b l e  a t  350" 
and 360" ATDC. 
c l o c k w i s e  i n j e c t i o n  v o r t e x  b u t  a r e  unab le  to  c o m p l e t e l y  r e c i r c u l a t e .  The drop-  
l e t s  move r a d i a l l y  toward  t h e  c y l i n d e r  w a l l  and a x i a l l y  t oward  t h e  p i s t o n .  
However, v e r y  few d r o p l e t s  reach  t h e  p i s t o n .  By 60" ATDC most d r o p l e t s  a r e  
v a p o r i z e d ,  and some d r o p l e t s  can s t i l l  be observed near  t h e  c o l d  c y l i n d e r  head. 
For an i n j e c t i o n  a n g l e  of 30" ATDC, t h e  d r o p l e t s  a r e  i n i t i a l l y  e n t r a i n e d  by  
t h e  c l o c k w i s e  i n j e c t i o n  eddy and a r e  f a r t h e r  from t h e  c y l i n d e r  w a l l  t h a n  f o r  an 
i n j e c t i o n  ang le  o f  45" BTDC a t  350" and 360" ATDC. However, t h e  l a r g e r  d r o p l e t s  
p e n e t r a t e  r a d i a l l y  f a r t h e r  i n t o  t h e  c y l i n d e r .  T h i s  r e s u l t s  i n  unvapor i zed  drop- 
l e t s  a t  a lmos t  t h e  same l o c a t i o n  a t  60" and 108" ATDC for i n j e c t i o n  ang les  o f  
45" and 30" ATDC. Fur thermore ,  t h e  v a p o r i z a t i o n  r a t e  seems t o  be l a r g e r  f o r  an 
i n j e c t i o n  ang le  o f  45" ATDC. T h i s  can be e a s i l y  unders tood,  s i n c e  most o f  t h e  
compression occu rs  near  TDC. E a r l y  i n j e c t i o n  i n i t i a l l y  r e s u l t s  i n  f a r t h e r  f u e l  
p e n e t r a t i o n  and l i t t l e  v a p o r i z a t i o n ,  whereas l a t e  i n j e c t i o n  i m p l i e s  l i t t l e  f u e l  
p e n e t r a t i o n  and l a r g e  v a p o r i z a t i o n .  Thus, f o r  an i n j e c t i o n  a n g l e  o f  45" BTDC 
t h e  d r o p l e t s  a r e  n o t  v a p o r i z e d  v e r y  much and i n i t i a l l y  p e n e t r a t e  f a r t h e r  i n t o  
t h e  c y l i n d e r  u n t i l  t h e y  a r e  d e c e l e r a t e d .  O f  course ,  t h e  amount o f  v a p o r i z a t i o n  
i n c r e a s e s  w i t h  t i m e  as t h e  p i s t o n  compresses t h e  f low, and t h e  tempera tu re  r i s e s  
because o f  t h e  compression. For an i n j e c t i o n  ang le  o f  30" BTDC, d r o p l e t  v a p o r i -  
z a t i o n  i s  i n i t i a l l y  l a r g e r  because o f  t h e  h i g h e r  tempera tu re  i n  t h e  c y l i n d e r  and 
because t h e  sma l l  d r o p l e t s  fo l low t h e  c l o c k w i s e - r o t a t i n g  eddy. 
F i g u r e  32 shows t h e  t u r b u l e n c e  k i n e t i c  energy  p r o f i l e s  a t  s e l e c t e d  c rank-  
s h a f t  ang les  f o r  t h e  two i n j e c t i o n  ang les  cons ide red  i n  t h i s  r e p o r t .  The f u e l  
i n j e c t e d  i n t o  t h e  c y l i n d e r  c r e a t e s  th rough  shear s t r e s s e s  h i g h  and l o c a l i z e d  l e v -  
e l s  o f  t u r b u l e n c e  near  t h e  i n j e c t o r .  T h i s  i n j e c t i o n - c r e a t e d  t u r b u l e n c e  decays 
i n  t h e  compression and expans ion  s t r o k e s  and i s  d i f f u s e d  t h r o u g h o u t  t h e  c y l i n -  
d e r .  F i g u r e  32 shows t h a t  t h e  c y l i n d e r  t u r b u l e n c e  i s  b a s i c a l l y  independent  o f  
t h e  i n j e c t i o n  a n g l e  excep t  f o r  a sma l l  r e g i o n  l o c a t e d  near  t h e  i n j e c t o r .  The 
amount o f  i n j e c t i o n - g e n e r a t e d  t u r b u l e n c e  i s ,  however, s m a l l e r  t han  t h a t  produced 
by t h e  i n t a k e  p rocess .  
F i g u r e  33 p r e s e n t s  t h e  Sau te r  mean d iamete r  d i s t r i b u t i o n s  t h r o u g h o u t  t h e  
eng ine  c y l i n d e r  f o r  t h e  two i n j e c t i o n  ang les  ana lyzed  i n  t h i s  r e p o r t .  F i g u r e  33 
i n d i c a t e s  t h a t  an i n j e c t i o n  a n g l e  of 45" BTDC y i e l d s  f a r t h e r  r a d i a l  s p r a y  pene- 
t r a t i o n  t h a n  an i n j e c t i o n  ang le  o f  30" BTDC. I t  a l s o  shows t h a t  f o r  t h e  l a t t e r  
a n g l e ,  t h e  d r o p l e t s  a r e  e n t r a i n e d  by t h e  c l o c k w i s e  i n j e c t i o n  v o r t e x  and a r e  
29  
l o c a t e d  between m i d c y l i n d e r  and t h e  c y l i n d e r  c e n t e r l i n e .  The a x i a l  p e n e t r a t i o n  
of t h e  sp ray  i s  l a r g e r  f o r  an i n j e c t i o n  ang le  of 45" BTDC than  f o r  30" BTDC. 
The SMD d i s t r i b u t i o n s  p r e s e n t e d  a t  30" and 60" ATDC c l e a r l y  i n d i c a t e  t h a t  more 
d r o p l e t s  a r e  v a p o r i z e d  and p e n e t r a t e  f a r t h e r  i n t o  t h e  c y l i n d e r  f o r  an i n j e c t i o n  
ang le  o f  45" BTDC t h a n  f o r  an i n j e c t i o n  ang le  of 30" BTDC. 
The f u e l  vapor mass f r a c t i o n s  a r e  shown i n  f i g u r e  34. T h i s  f i g u r e  i l l u s -  
t r a t e s  t h a t  as t h e  i n j e c t i o n  a n g l e  i s  i n c r e a s e d ,  more f u e l  vapor i s  l o c a t e d  near 
t h e  c y l i n d e r  w a l l  and near  t h e  p i s t o n .  For t h e  i n j e c t i o n  c h a r a c t e r i s t i c s  used i n  
f i g u r e s  31 t o  35, i t  can be conc luded t h a t  e a r l y  i n j e c t i o n  r e s u l t s  i n  g r e a t e r  
sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  t h a n  l a t e  i n j e c t i o n .  Of course ,  e a r l y  i n j e c -  
t i o n  takes  advantage of t h e  low tempera tures  p r e s e n t  i n  t h e  c y l i n d e r  and v a p o r i -  
z a t i o n  c o o l i n g .  I n  l a t e  i n j e c t i o n ,  t h e  h i g h  tempera tures  p r e s e n t  i n  t h e  c y l i n d e r  
i n c r e a s e  t h e  v a p o r i z a t i o n  r a t e ,  and t h i s  r e s u l t s  i n  s m a l l e r  d r o p l e t s  and s m a l l e r  
f u e l  vapor p e n e t r a t i o n .  
The e f f e c t s  o f  v a p o r i z a t i o n  c o o l i n g  a r e  p r e s e n t  i n  f i g u r e  34, wh ich  i l l u s -  
t r a t e s  t h e  tempera tu re  p r o f i l e s .  Lower tempera tures  a r e  observed a t  330" ATDC 
near  t h e  i n j e c t o r  f o r  an i n j e c t i o n  a n g l e  o f  45" BTDC t h a n  f o r  an i n j e c t i o n  
a n g l e  o f  30" BTDC. E a r l y  i n j e c t i o n  r e s u l t s  i n  l ower  c y l i n d e r  tempera tu res  t h a n  
l a t e  i n j e c t i o n  because o f  v a p o r i z a t i o n  c o o l i n g  i n  loss tempera tu re  f lows.  
F i g u r e s  31 t o  35 a l s o  i l l u s t r a t e  t h e  e f f e c t  o f  t h e  i n t a k e  s w i r l  a n g l e  on  t h e  
f low f i e l d ,  d r o p l e t  l o c a t i o n s ,  t u r b u l e n c e ,  Sau te r  mean d iamete r ,  and tempera tu re  
for two d i f f e r e n t  i n j e c t i o n  a n g l e s .  F i g u r e  31 shows t h e  i n c r e a s e  i n  t h e  r a d i a l  
sp ray  p e n e t r a t i o n  as t h e  i n t a k e  s w i r l  ang le  i s  i nc reased ,  and t h e  d i f f e r e n c e  
between t h e  gas-phase v e l o c i t y  f i e l d s  w i t h  and w i t h o u t  s w i r l .  W i t h o u t  s w i r l ,  
t h e  f low f i e l d  i s  c h a r a c t e r i z e d  by  t h e  i n t a k e  eddy and t h e  i n j e c t i o n  edd ies ,  
whereas, w i t h  s w i r l ,  t h e  f l u i d  i s  " t h rown"  a g a i n s t  t h e  c y l i n d e r  w a l l  and 
r e t u r n s  a l o n g  t h e  c y l i n d e r  head. A s t a g n a t i o n  r e g i o n  i s  c r e a t e d  near  t h e  i n j e c -  
to r  because o f  t h e  i n w a r d l y  d i r e c t e d  f low a l o n g  t h e  c y l i n d e r  head and t h e  
r a d i a l  v e l o c i t y  induced b y  t h e  p rocess .  
For an i n j e c t i o n  a n g l e  o f  30" BTDC and a s w i r l  a n g l e  of 30", t h e  d r o p l e t s  
a r e  e n t r a i n e d  by  t h e  c l o c k w i s e - r o t a t i n g  eddy, and t h e  r a d i a l  sp ray  p e n e t r a t i o n  
i s  l a r g e r  t h a n  i n  t h e  absence o f  s w i r l .  However, t h e  a x i a l  sp ray  p e n e t r a t i o n  i s  
smal 1 e r .  
A t  30" ATDC, f o r  example, i t  i s  shown t h a t  i n  t h e  absence o f  s w i r l ,  t h e  
d r o p l e t s  a r e  l o c a t e d  near  t h e  c y l i n d e r  head and a r e  e n t r a i n e d  by  t h e  c l o c k w i s e  
i n j e c t i o n  v o r t e x ,  whereas, for a s w i r l  ang le  of 30",  most d r o p l e t s  a r e  l o c a t e d  
between m i d c y l i n d e r  and t h e  c y l i n d e r  w a l l .  S i m i l a r  r e s u l t s  shown a t  60" and 
108" ATDC i n d i c a t e  t h a t  t h e  r a d i a l  p e n e t r a t i o n  of t h e  spray  and f u e l  v a p o r i z a -  
t i o n  i n c r e a s e  w i t h  t h e  s w i r l  a n g l e ,  whereas t h e  a x i a l  p e n e t r a t i o n  decreases ,  
F i g u r e  32 i n d i c a t e s  t h a t  t u r b u l e n c e  l e v e l s  i n  t h e  c y l i n d e r  i n c r e a s e  w i t h  
t h e  s w i r l  ang le  b u t  decay a t  a f a s t e r  r a t e  because o f  t h e  l a r g e r  d i s s i p a t i o n  
r a t e .  
F i g u r e  33 i l l u s t r a t e s  t h e  a x i a l  and r a d i a l  p e n e t r a t i o n  o f  t h e  sp ray  i n  t h e  
Sau te r  mean d iamete r  d i s t r i b u t i o n s  and i n d i c a t e s  t h a t  s w i r l  i n c r e a s e s  t h e  r a d i a l  
p e n e t r a t i o n  o f  t h e  sp ray .  
d r o p l e t s  a r e  l o c a t e d  near  t h e  c y l i n d e r  w a l l  f o r  a s w i r l  ang le  o f  30", whereas 
t h e  absence o f  s w i r l  t h e  unvapor i zed  d r o p l e t s  occupy most o f  t h e  c y l i n d e r  and 
a r e  l o c a t e d  near t h e  c o l d  c y l i n d e r  head. 
AT 60" ATDC, f i g u r e  33 shows t h a t  t h e  unvapor i zed  
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The f u e l  vapor p r o f i l e s  shown i n  f i g u r e  34  i n d i c a t e  t h a t  i n  t h e  presence o f  
s w i r l  most d r o p l e t s  v a p o r i z e  b e f o r e  r e a c h i n g  m i d c y l i n d e r  because o f  t h e  l a r g e  
c o n v e c t i o n  ( s l i p )  t h a t  t h e  d r o p l e t s  exper ience .  T h e r e f o r e ,  t h e  d r o p l e t s  t h a t  
reach  t h e  c y l i n d e r  w a l l  c o n t r i b u t e  v e r y  l i t t l e  t o  t h e  t o t a l  f u e l  mass i n  t h e  
presence o f  s w i r l .  I n  t h e  absence o f  s w i r l ,  t h e  l a r g e s t  f u e l  vapor concen t ra -  
t i o n  occu rs  near t h e  c y l i n d e r  head. 
The tempera tu re  i n  t h e  c y l i n d e r  i n  t h e  absence of s w i r l  i s  h i g h e r  than  f o r  
a s w i r l  ang le  o f  30" because of  t h e  s m a l l e r  v a p o r i z a t i o n  o f  t h e  d r o p l e t s ,  as 
shown i n  f i g u r e  35.  
The az imu tha l  v e l o c i t y  p r o f i l e s  ( n o t  shown he re )  show s teep  g r a d i e n t s  a t  t h e  
c y l i n d e r  c e n t e r l i n e  and a t  t h e  c y l i n d e r  w a l l ,  b u t  a r e  o t h e r w i s e  a lmos t  u n i f o r m  
t h r o u g h o u t  t h e  c y l i n d e r .  D u r i n g  i n j e c t i o n ,  t h e r e  i s  an exchange o f  az imu tha l  
momentum between t h e  d r o p l e t s  and gas near t h e  i n j e c t o r ;  t h i s  exchange c r e a t e s  
some az imu tha l  v e l o c i t y  n o n u n i f o r m i t i e s  a t  t h e  i n j e c t o r ,  which d i sappear  i n  t h e  
expans ion  stroke. 
I .  
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APPENDIX D. - DETAILED EFFECTS OF SPRAY CONE ANGLE 
The effects of the spray cone angle on the flow field and fuel vaporization 
are analyzed in detail in this section. Spray cone angles of 20", 60", and 120" 
were studied with and without swirl at 1000 rpm. Figure 36 shows that for the 
spray characteristics employed in this study, with a cone angle of 20", the 
spray strikes the piston before TDC. (Figure 36 may be misleading in scale 
because the cylinder radius is much larger than the clearance.) When the drop- 
lets strike the piston, they are reflected specularly (i.e., the angle of reflec- 
tion is equal to the angle of incidence). 
formed near the cylinder centerline and piston by the spray and gas entrain- 
ment. 
toward the cylinder wall. 
between 10" and 30" ATDC, and the piston drives the flow. This results in the 
complex flow patterns shown at 30" ATDC. Most droplets are vaporized by 60" 
ATDC; the ones that do not vaporize represent a small fraction of the total liq- 
uid fuel injected into the cylinder. These unvaporized droplets are located near 
the piston at 60" ATDC, but they do not follow the piston motion, as the velocity 
plots at 108" ATDC indicate. 
For a spray cone angle of 60", the results are similar to those of a cone 
angle o f  20" until the spray strikes the piston. Afterward, the reflected drop- 
lets are entrained by the injection vortex, which is closer to the piston than 
for a spray cone angle of 156". In contrast with the results presented for a 
spray cone angle of 20", the results for a spray cone angle of 60" indicate that 
the injection-generated vortex entrains more droplets; some of those droplets 
are displaced toward the cylinder head, and others recirculate and vaporize. 
However, the radial spray penetration is small until the injection-generated vor- 
tex is destroyed by the piston-driven flow. At 30" ATDC, the negative axial 
velocities induced by the injection-generated vortex eddy become positive 
because the piston drives the flow; however, positive radial velocities are 
observed near the piston, and negative radial velocities are observed near the 
cylinder head. The positive velocities force the droplets to move toward the 
cylinder wall near the piston, and the negative velocities force the droplets to 
move toward the cylinder centerline near the cylinder head. When this occurs 
(at about 30" ATDC), the radial penetration of the spray increases. A compari- 
son of the results for cone angles of 20" and 60" at 108" ATDC clearly indicates 
that for 20", there are still unvaporized droplets in the cylinder, whereas, for 
60", most droplets vaporize in the injection-generated eddy. Large unvapor- 
ized droplets remain in the cylinder for a spray cone angle of 20" as a direct 
consequence of the spray angle. For a 20" cone angle, the droplets traverse the 
clearance in a very short time and strike the cool piston, where the absence 
of large velocities and the presence of low temperatures inhibit their further 
vaporization. As the cone angle is increased, the droplets bounce off from the 
piston and are trapped in the injection-generated eddy where they vaporize. 
a cone angle of 0", the droplets would strike the piston near the centerline 
and would remain trapped there because they were moving against the piston, 
where the temperature is low. For a cone angle of 60°, a small clockwise- 
rotating eddy is formed by the injected fuel near the cylinder centerline. 
A coun te rc lockw ise - ro ta t i ng  eddy is 
This eddy entrains droplets which are displaced radially along the piston 
The eddy created by the injection process disappears 
For 
For a cone angle of 120°, two eddies are generated by the injection proc- 
At 350" ATDC, these eddies are clearly visible, as are the 
ess. One clockwise eddy is formed between the spray and cylinder centerline, 
and the other coun te rc lockw ise - ro ta t i ng  eddy is located between the spray and 
the cylinder head. 
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l a r g e  d r o p l e t s .  E v e n t u a l l y ,  t h e  spray s t r i kes  t h e  p i s t o n ,  and some d r o p l e t s  a r e  
e n t r a i n e d  by t h e  c l o c k w i s e  i n j e c t i o n  v o r t e x  near  t h e  p i s t o n .  A f t e r  i n j e c t i o n ,  
t h e  c l o c k w i s e  i n j e c t i o n  v o r t e x  i s  e l o n g a t e d  i n  t h e  r a d i a l  d i r e c t i o n  because o f  
t h e  p i s t o n  m o t i o n .  T h i s  e n l o n g a t i o n  r e s u l t s  i n  d r o p l e t s  moving r a d i a l l y  toward 
t h e  c y l i n d e r  w a l l  nea r  t h e  c y l i n d e r  head. However, as t h e  d r o p l e t s  move toward 
t h e  c y l i n d e r  w a l l ,  t h e  p i s t o n - d r i v e n  f low e n t r a i n s  them i n  t h e  d i r e c t i o n  o f  t h e  
p i s t o n ,  and t h e  i n j e c t i o n  v o r t e x  decays. Many d r o p l e t s  v a p o r i z e  i n  t h e  i n j e c -  
t i o n  v o r t e x .  Some d r o p l e t s  a r e  accumulated near  t h e  p i s t o n ,  where t h e  v e l o c i t y  
and tempera tu re  a r e  low; these  d r o p l e t s  v a p o r i z e  slowly b u t  do n o t  fo l low t h e  
gas-phase v e l o c i t y  f i e l d .  Some d r o p l e t s  remain unvapor i zed  between t h e  m i d c y l i n -  
de r  and t h e  c e n t e r l i n e ;  t hese  d r o p l e t s  were o r i g i n a l l y  t r a p p e d  i n  t h e  i n j e c t i o n  
v o r t e x  and w e r e  t h e  l a s t  t o  be i n j e c t e d  i n t o  t h e  c y l i n d e r .  
F i g u r e  37 shows t h e  t u r b u l e n c e  k i n e t i c  energy  p r o f i l e s  f o r  sp ray  cone 
angles o f  Z O O ,  60" ,  and 120". For a sp ray  a n g l e  of Z O O ,  l a r g e  l e v e l s  o f  t u r b u -  
lence a r e  generated a t  t h e  shear l a y e r s  o f  t h e  i n j e c t e d  sp ray  s t r i k e s .  These 
l e v e l s  o f  t u r b u l e n c e  decay i n  t h e  expansion stroke, and by 60" ATDC t u r b u l e n c e  
i s  a lmos t  u n i f o r m  t h r o u g h o u t  t h e  c y l i n d e r  excep t  for v e r y  s teep  g r a d i e n t s  near 
t h e  w a l l s .  Note t h a t  t h e r e  i s  a l a r g e  d i s s i p a t i o n  r a t e  a t  t h e  c y l i n d e r  w a l l ,  
where background l e v e l s  of t u r b u l e n c e  a r e  s m a l l e r .  S i m i l a r  t r e n d s  can be 
observed for  a sp ray  cone a n g l e  of 60".  
t u r b u l e n c e  i s  genera ted  near  t h e  i n j e c t o r  a t  t h e  shear l a y e r s  o f  t h e  sp ray  and 
i n  t h e  i n j e c t o r - g e n e r a t e d  e d d i e s .  Again,  t h i s  t u r b u l e n c e  decays and becomes 
u n i f o r m  i n  t h e  expans ion  s t r o k e .  
However, for a cone a n g l e  o f  120", most 
The Sau te r  mean d iamete r  d i s t r i b u t i o n s  p r e s e n t e d  i n  f i g u r e  38 c l e a r l y  
i n d i c a t e  t h e  sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n .  For a cone a n g l e  o f  Z O O ,  t h e  
d r o p l e t s  f i rst s t r i k e  t h e  p i s t o n  (350" ATDC), bounce o f f ,  and move a l o n g  t h e  p i s -  
t o n  (360" ATDC). By 10" ATDC, t h e  i n j e c t i o n - g e n e r a t e d  eddy has a lmos t  been 
d e s t r o y e d  by t h e  p i s t o n - d r i v e n  flow, and t h e  d r o p l e t s  c o n c e n t r a t e  near t h e  p i s -  
t o n  (30" ATDC). Some d r o p l e t s  a r e  s t i l l  moving r a d i a l l y ,  d r i v e n  by t h e  remains 
o f  t h e  i n j e c t i o n  eddy (60 "  ATDC),  toward t h e  c y l i n d e r  w a l l  a l o n g  t h e  p i s t o n .  
Note t h a t  by 60" ATDC, d r o p l e t s  remain unvapor i zed  near  t h e  c y l i n d e r  c e n t e r l i n e  
and near t h e  p i s t o n ,  where t h e  tempera tu re  i s  low. ( I n  t h e  c a l c u l a t i o n s  r e p o r t e d  
here,  t h e  p i s t o n  tempera tu re  was s e t  equal  t o  500 K . )  
For a sp ray  cone a n g l e  o f  60°, f i g u r e  38 i l l u s t r a t e s  t h a t  t h e  i n j e c t e d  drop- 
l e t s  f i r s t  s t r i ke  t h e  p i s t o n  and then  a r e  e n t r a i n e d  by t h e  c o u n t e r c l o c k w i s e  
i n j e c t i o n - g e n e r a t e d  v o r t e x  toward  t h e  c y l i n d e r  head (350" and 360" ATDC).  Some 
o f  t h e  e n t r a i n e d  d r o p l e t s  s t r i k e  t h e  c o l d  c y l i n d e r  head, where t h e y  remain unva- 
p o r i z e d .  The c o u n t e r c l o c k w i s e  i n j e c t i o n  eddy f o r c e s  some o f  t h e  d r o p l e t s  t o  
move r a d i a l l y  t oward  t h e  c y l i n d e r  w a l l  a l o n g  t h e  p i s t o n .  However, t h e r e  p i s t o n -  
d r i v e n  flow p r e v e n t s  these  d r o p l e t s  from r e a c h i n g  t h e  c y l i n d e r  w a l l .  As a conse- 
quence, unvapor i zed  d r o p l e t s  can be found  near  t h e  p i s t o n  and c y l i n d e r  head. 
Some unvapor i zed  d r o p l e t s  can a l s o  be found  near  t h e  c y l i n d e r  c e n t e r l i n e ,  where 
t h e y  were  t r a p p e d  by t h e  c o u n t e r c l o c k w i s e  i n j e c t i o n  eddy. 
For a sp ray  cone a n g l e  o f  120", f i g u r e  38 shows t h a t  t h e  sp ray  f i r s t  
s t r i k e s  t h e  p i s t o n  and t h a t  some d r o p l e t s  a r e  e n t r a i n e d  by t h e  c l o c k w i s e  i n j e c -  
t i o n  eddy (360" and 10" ATDC). However, as t h e  p i s t o n  d r i v e s  t h e  f low and t h e  
i n j e c t i o n  v o r t e x  i s  e l o n g a t e d  i n  t h e  r a d i a l  d i r e c t i o n ,  t h e  d r o p l e t s  a r e  
r e p l a c e d  r a d i a l l y  t oward  t h e  c y l i n d e r  w a l l .  The p i s t o n - d r i v e n  f low does n o t  p e r -  
m i t  t h e  d r o p l e t s  t o  reach  t h e  c y l i n d e r  w a l l .  A s  a consequence, unvapor i zed  drop- 
l e t s  remain between m i d c y l i n d e r  and t h e  c y l i n d e r  c e n t e r l i n e  a t  60" and 108" ATDC. 
33 
The d i s t r i b u t i o n  o f  f u e l  vapor i n  t h e  c y l i n d e r  f o r  t h e  t h r e e  sp ray  cone 
ang les  i n v e s t i g a t e d  i s  shown i n  f i g u r e  39 i n  o r d e r  to  i l l u s t r a t e  t h e  f u e l  vapor 
p e n e t r a t i o n .  For a cone a n g l e  o f  20", t h i s  f i g u r e  shows t h a t  t h e  f u e l  vapor i s  
c o n c e n t r a t e d  a l o n g  t h e  sp ray  enve lope near  t h e  c y l i n d e r  c e n t e r l i n e .  The l a r g e s t  
f u e l  vapor c o n c e n t r a t i o n  i s  l o c a t e d  above t h e  c e n t e r l i n e  near t h e  p i s t o n  (350" 
ATDC).  A s  t h e  d r o p l e t s  move r a d i a l l y  a l o n g  t h e  p i s t o n ,  t h e y  v a p o r i z e ,  and f u e l  
vapor c o n c e n t r a t i o n  i n c r e a s e s  r a d i a l l y  and a x i a l l y .  The i n c r e a s e  i n  t h e  a x i a l  
d i r e c t i o n  i s  due t o  d r o p l e t  d i s p e r s i o n  and f u e l  vapor d i f f u s i o n  (360" and 10" 
A T D C ) .  A s  t h e  p i s t o n  recedes from TDC, d i f f u s i o n  and a x i a l  c o n v e c t i o n  c o n t r i b -  
u t e  t o  t h e  f u e l  vapor d i s t r i b u t i o n  near t h e  p i s t o n .  However, i n  t h e  expans ion  
s t r o k e  ( b y  60" ATDC) t h e  e f f e c t s  o f  c o n v e c t i v e  v a p o r i z a t i o n  a r e  small, and t h e  
f u e l  vapor d i f f u s e s  r a d i a l l y  and a x i a l l y .  
For a cone ang le  o f  60", t h e  v a p o r i z a t i o n  o f  t h e  d r o p l e t s  e n t r a i n e d  by t h e  
c o u n t e r c l o c k w i s e  i n j e c t i o n  eddy c o n t r i b u t e s  t o  t h e  r a d i a l  p e n e t r a t i o n  o f  t h e  
f u e l  vapor toward  t h e  c y l i n d e r  head (360" A T D C ) .  However, once t h e  p i s t o n  
d r i v e s  t h e  f low and t h e  i n j e c t i o n  eddy i s  p a r t i a l l y  des t royed ,  t h e  d r o p l e t s  mov- 
i n g  r a d i a l l y  toward  t h e  c y l i n d e r  w a l l  v a p o r i z e ,  and f u e l  vapor c o n c e n t r a t e s  
a l o n g  t h e  p i s t o n  (30"  and 60" ATDC) .  A comparison between t h e  f u e l  d i s t r i b u -  
t i o n s  f o r  cone ange ls  o f  20" and 60" shows t h a t  as t h e  cone ang le  i n c r e a s e s ,  t h e  
f u e l  p e n e t r a t e s  f a r t h e r  ( i n  b o t h  t h e  r a d i a l  and a x i a l  d i r e c t i o n s )  i n t o  t h e  c y l i n -  
d e r .  
t r i b u t i o n  than  t h e  c a s e  o f  a 20" cone a n g l e .  
In f a c t ,  t h e  case o f  a 60" cone a n g l e  y i e l d s  more u n i f o r m  f u e l  vapor  d i s -  
For a sp ray  cone a n g l e  o f  120", t h e  h i g h e s t  f u e l  vapor c o n c e n t r a t i o n  i s  
l o c a t e d  a l o n g  t h e  sp ray  t r a j e c t o r y  and i n  t h e  c l o c k w i s e  i n j e c t i o n  eddy (10" 
ATDC). Fuel  vapor i s  d i s p l a c e d  r a d i a l l y  a l o n g  t h e  c y l i n d e r  head b y  t h e  
remains o f  t h e  i n j e c t i o n  eddy and by d i f f u s i o n .  
A comparison between t h e  f u e l  d i s t r i b u t i o n s  f o r  t h e  cone ang les  o f  60" and 
120" shows t h a t  f o r  t h e  60" ang le ,  t h e  f u e l  vapor i s  c o n c e n t r a t e d  near  t h e  p i s -  
t o n ,  whereas f o r  t h e  120" a n g l e ,  t h e  f u e l  vapor i s  c o n c e n t r a t e d  between t h e  
m i d c y l i n d e r  and t h e  c y l i n d e r  c e n t e r l i n e .  I n  b o t h  cases, f u e l  does n o t  r e a c h  t h e  
c o r n e r  between t h e  c y l i n d e r  head and t h e  c y l i n d e r  w a l l ,  and most f u e l  remains  
c o n c e n t r a t e d  i n  v e r y  l o c a l i z e d  r e g i o n s .  A more u n i f o r m  f u e l  d i s t r i b u t i o n  c o u l d  
be o b t a i n e d  b y  i n t r o d u c i n g  a bowl i n  t h e  p i s t o n  so t h a t  s q u i s h  m o t i o n s  c o n t r i b u t e  
t o  t h e  f u e l  v a p o r i z a t i o n  and m i x i n g .  
The tempera tu re  d i s t r i b u t i o n s  ( n o t  shown he re )  i n d i c a t e  t h a t  v a p o r i z a t i o n  
c o o l i n g  o c c u r s  a l o n g  t h e  sp ray  t r a j e c t o r y  and near  t h e  p i s t o n  where t h e  sp ray  
s t r i k e s .  Thus, f o r  a cone a n g l e  of 20" ,  v a p o r i z a t i o n  c o o l i n g  o c c u r s  nea r  t h e  
c y l i n d e r  c e n t e r l i n e  and a l o n g  t h e  c y l i n d e r  w a l l .  
f i l e s  become n e a r l y  u n i f o r m  i n  t h e  expans ion  s t r o k e  a t  about  60" ATDC, i n d i c a t i n g  
t h a t  t h e  decrease i n  tempera tu re  a s s o c i a t e d  w i t h  t h e  expans ion  s t r o k e  p r e v e n t s  
f u r t h e r  d r o p l e t  v a p o r i z a t i o n .  
However, t h e  tempera tu re  p ro -  
F i g u r e s  36 t o  39 a l s o  i l l u s t r a t e  t h e  e f f e c t s  o f  s w i r l  on  t h e  f low f i e l d  and 
spray  p e n e t r a t i o n  and v a p o r i z a t i o n  f o r  t h e  t h r e e  sp ray  cone ang les  i n v e s t i g a t e d  
i n  t h i s  s t u d y .  
For a sp ray  cone a n g l e  o f  20",  f i g u r e  36 i n d i c a t e s  t h a t  t h e  gas-phase 
v e l o c i t y  f i e l d  i s  s t r o n g l y  a f f e c t e d  by  s w i r l ;  however, t h e  f u e l  p e n e t r a t i o n  i s  
n o t  a f f e c t e d  v e r y  much a t  350" ATDC because t h e  d r o p l e t s  a r e  l o c a t e d  near  t h e  
c e n t e r l i n e ,  where t h e  az imu tha l  v e l o c i t y  i s  n e a r l y  ze ro .  A t  360" ATDC, t h e  
r a d i a l  m o t i o n  o f  t h e  d r o p l e t s  a l o n g  t h e  p i s t o n  i s  i n h i b i t e d  b y  t h e  a i r  moving 
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radially toward the centerline. This radial flow is due to swirl. Thus, at 
360" ATDC, the droplets are entrained by the clockwise injection eddy for a 
swirl angle of 30", whereas they move along the piston for the case of no 
swirl. for a swirl angle of 30" and a cone angle of 20", centrifugal effects 
push the droplets toward the cylinder wall at 10" ATDC. Most of these droplets 
vaporize, and the ones which do not vaporize are located near midcylinder at 30" 
ATDC. At 60" and 108" ATDC, most of the unvaporized droplets are located 
between the cylinder wall and midcylinder. These unvaporized droplets are 
smaller than those observed in figure 36 for a swirl angle of 0" and a cone angle 
of 20". 
figure 37 indicates that the levels of turbulence kinetic energy increase 
as the swirl angle is increased. Turbulence generation occurs at the shear 
layers of the injected spray and at the piston where the spray strikes. In gen- 
eral, high levels of turbulence are associated with high levels of dissipation 
rate. Thus, for example, at 60" ATDC, the turbulence levels for a cone angle of 
20" with swirl are larger than for a spray with the same cone angle but without 
swirl. Also at 60" ATDC, the background levels of turbulence are smaller near 
the walls, where a Neumann condition was used to calculate the turbulence kinetic 
energy. 
figure 38 shows that for a cone angle of 20", the initial spray penetration 
(350" ATDC) is not affected by the intake swirl. At 360" ATDC, figure 38 indi- 
cates that n the absence of swirl, the droplets move radially along the piston, 
whereas for a swirl angle of 30" the droplets are entrained by the counterclock- 
wise inject on eddy and move toward the cylinder head. At 10" ATDC, centrifugal 
effects pus the droplets toward the cylinder wall, but in general, the droplets 
remain trapped in the injection vortex. The radial displacement of the droplets 
increases with the crankshaft angle, and by 60" ATDC, most unvaporized droplets 
are located between the cylinder wall and midcylinder. In the absence of swirl, 
unvaporized droplets are located along the cold cylinder centerline and piston. 
The fuel vapor distributions for the three spray cone angles investigated 
in this report are shown in figure 39 for intake swirl angles equal to 0" (no 
swirl) and 30". At 350" ATDC, the fuel vapor isocontours are similar for the 
cases with and without swirl for a cone angle of 20" because droplets are 
injected near the centerline with a small angle. At 360" ATDC, the effects o f  
swirl are clearly seen. In the absence of swirl, the fuel vapor is concentrated 
at the corner between the cylinder centerline and the piston. In the presence 
of swirl, however, vaporization occurs in the counterclockwise injection eddy, 
which yields almost uniform fuel vapor concentration in the axial direction. 
Similar trends can be observed at lo", 30", and 60" ATDC: in the absence of 
swirl, the fuel vapor diffuses toward the cylinder head, whereas in the presence 
of swirl, the fuel vapor diffuses radially toward the cylinder wall. In either 
case, at least half o f  the cylinder contains negligible amounts of fuel vapor. 
for a cone angle of 20" in the absence of swirl, the fuel vapor is located near 
the piston, whereas in the presence of swirl, fuel vapor is mainly concentrated 
between midcylinder and the cylinder centerline. 
Small amounts of fuel vapor are present near the cylinder wall because most 
of the droplets vaporize in the counterclockwise injection eddy before they 
reach midcylinder. Again, squish would probably help to distribute the fuel 
vapor uniformly. 
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The v e l o c i t y  p r o f i l e s  f o r  a cone ang le  o f  60" a r e  p resen ted  i n  f i g u r e  36 
for s w i r l  ang les  o f  0" and 30".  These p r o f i l e s  i n d i c a t e  t h a t  t h e  gas-phase 
v e l o c i t i e s  a r e  h i g h e r  f o r  a s w i r  a n g l e  o f  30" t h a n  f o r  0". F i g u r e  36 a l s o  
shows t h a t  t h e r e  i s  a s teady  r a d  a1 f low a l o n g  t h e  c y l i n d e r  head toward  t h e  cy l -  
i n d e r  c e n t e r l i n e  f o r  a s w i r l  ang e o f  30" and t h a t  a t  350" ATDC, t h e  f u e l  pene- 
t r a t i o n  i s  a lmos t  i n s e n s i t i v e  t o  t h e  i n t a k e  s w i r l  a n g l e .  A t  360" ATDC, d r o p l e t s  
remain  t rapped  i n  t h e  c o u n t e r c l o  k w i s e  i n j e c t i o n  eddy, which moves them c l o s e r  
t o  t h e  c y l i n d e r  head fo r  t h e  l a r g e r  s w i r l  ang le  ana lyzed .  I n  t h e  absence o f  
s w i r l ,  t h e  d r o p l e t s  move r a d i a l l y  a l o n g  t h e  p i s t o n  toward  t h e  c y l i n d e r  w a l l  more 
r a d i a l l y  t h a n  f o r  a s w i r l  a n g l e  o f  30".  T h i s  i s  because i n  t h e  presence o f  
s w i r l ,  t h e r e  i s  a r a d i a l  a i r  f l ow  toward  t h e  c e n t e r l i n e  a l o n g  t h e  p i s t o n .  T h i s  
f low i s  opposed t o  t h e  d r o p l e t  m o t i o n .  W i t h o u t  s w i r l ,  f u e l  d r o p l e t s  remain  i n  
t h e  i n j e c t i o n  eddy near  t h e  p i s t o n ,  whereas f o r  a s w i r l  ang le  o f  30",  d r o p l e t s  
a r e  l o c a t e d  between t h e  c y l i n d e r  head and t h e  p i s t o n  a t  10" ATDC. A t  30" ADTC, 
t h e  p i s t o n  d r i v e s  t h e  f low and d e s t r o y s  t h e  c o u n t e r c l o c k w i s e  i n j e c t i o n  eddy. 
For a s w i r l  ang le  o f  0" most d r o p l e t s  a r e  l o c a t e d  near  t h e  p i s t o n ,  whereas f o r  a 
s w i r l  ang le  o f  30",  unvapor i zed  d r o p l e t s  can be seen near t h e  c y l i n d e r  head. 
S i m i l a r  r e s u l t s  can be observed a t  60" ATDC. A t  108" ATDC, most d r o p l e t s  have 
v a p o r i z e d  and a r e  l o c a t e d  near  t h e  p i s t o n  f o r  a s w i r l  ang le  o f  0",  whereas t h e y  
a r e  l o c a t e d  near  t h e  c o l d  c y l i n d e r  head and w a l l  for a s w i r l  a n g l e  o f  30". Note 
t h a t  i n  t h e  presence o f  s w i r l  t h e  d r o p l e t s  a r e  f i r s t  moved toward  t h e  c y l i n d e r  
head by t h e  c o u n t e r c l o c k w i s e  i n j e c t i o n  eddy and a r e  then  pushed by  t h e  c e n t r i f u -  
g a l  e f f e c t s  toward  t h e  c y l i n d e r  w a l l .  S ince  b o t h  t h e  c y l i n d e r  head and t h e  
w a l l s  a r e  c o l d ,  some d r o p l e t s  remain  unvapor i zed  i n  t h e  v i c i n i t y  o f  those  w a l l s ,  
as t h e  r e s u l t s  p resen ted  i n  f i g u r e  36 i n d i c a t e  f o r  a s w i r l  a n g l e  o f  30" .  
F i g u r e  37 c l e a r l y  i l l u s t r a t e s  t h a t  i n  t h e  absence o f  s w i r l ,  t u r b u l e n c e  gen- 
e r a t i o n  occu rs  a t  t h e  shear l a y e r s  o f  t h e  i n j e c t e d  sp ray  and a t  t h e  p i s t o n  where 
t h e  d r o p l e t s  s t r i k e .  However, i n  t h e  presence o f  s w i r l ,  t u r b u l e n c e  i s  m a i n l y  
genera ted  a t  t h e  shear l a y e r s  o f  t h e  i n j e c t e d  sp ray  and i n  t h e  c o u n t e r c l o c k w i s e  
i n j e c t i o n  eddy. 
d e r  i n c r e a s e  w i t h  t h e  s w i r l  a n g l e .  
F i g u r e  37 a l s o  shows t h a t  t h e  l e v e l s  o f  t u r b u l e n c e  i n  t h e  c y l i n -  
F i g u r e  38 shows t h a t  t h e  i n i t i a l  sp ray  p e n e t r a t i o n  i s  a lmos t  independent  o f  
t h e  s w i r l  ang le  (350" ATDC).  The Sau te r  mean d i a m e t e r  d i s t r i b u t i o n s  a t  360" ATDC 
(TDC) i n d i c a t e  t h a t  f o r  a s w i r l  a n g l e  o f  0" ,  t h e  d r o p l e t s  a r e  e n t r a i n e d  by  t h e  
c o u n t e r c l o c k w i s e  i n j e c t i o n  eddy away from t h e  c y l i n d e r  c e n t e r l i n e .  These drop- 
l e t s  a r e  d i s p e r s e d  i n  t h e  r a d i a l  d i r e c t i o n  near  t h e  p i s t o n  (10" ATDC) and move 
a l o n g  i t  (60"  and 108" ATDC).  However, i n  t h e  presence o f  s w i r l ,  t h e  d r o p l e t s  
t h e  absence o f  s w i r l .  A t  108" ATDC and fo r  a s w i r l  ang le  o f  30" most unvapor-  
c y l i n d e r  w a l l s .  
unvapor i zed  d r o p l e t s  a r e  l o c a t e d  near  t h e  c o l d  p i s t o n  and near  t h e  c e n t e r l i n e .  
F i g u r e  39 i l l u s t r a t e s  t h a t  a t  350" ATDC, t h e  f u e l  d r o p l e t  d i s t r i b u t i o n  i s  
a lmost  independent o f  t h e  i n t a k e  s w i r l  ang le .  A t  360" ATDC, t h e  f u e l  vapor i s  
p r e s e n t  near  t h e  p i s t o n  f o r  t h e  n o - s w i r l  case, whereas i t  i s  a lmos t  d i s t r i b u t e d  
from t h e  p i s t o n  t o  t h e  c y l i n d e r  head by  t h e  c o u n t e r c l o c k w i s e  i n j e c t i o n  eddy f o r  a 
s w i r l  ang le  o f  30".  D r o p l e t s  s t i l l  v a p o r i z e  a t  t h e  b e g i n n i n g  o f  t h e  expans ion  
s t r o k e  (10" ATDC), and f u e l  vapor  i s  d i f f u s e d  i n  t h e  r a d i a l  and a x i a l  d i r e c -  
a l t hough  some e f f e c t s  o f  t h e  i n j e c t i o n  edd ies  s t i l l  p e r s i s t  a t  10" ATDC. 
and 60" ATDC, t h e  f u e l  vapor i s  c o n c e n t r a t e d  near  t h e  p i s t o n  f o r  a s w i r l  a n g l e  
o f  0" and between t h e  m i d c y l i n d e r  and t h e  c e n t e r l i n e  f o r  a s w i r l  a n g l e  o f  30" .  
, move r a d i a l l y  toward  t h e  c y l i n d e r  w a l l  and p e n e t r a t e  r a d i a l l y  f a r t h e r  t h a n  i n  
i z e d  d r o p l e t s  a r e  l o c a t e d  near  t h e  c o r n e r  between t h e  c y l i n d e r  head and t h e  I I 
However, a t  t h e  same c r a n k s h a f t  ang le  w i t h o u t  s w i r l ,  t h e  
I t i o n s ;  f u e l  vapor c o n v e c t i o n  i s  m a i n l y  a x i a l  because o f  t h e  p i s t o n  mo t ion ,  
A t  30" 
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Again ,  more u n i f o r m  f u e l  vapor d i s t r i b u t i o n s  c o u l d  be o b t a i n e d  by  employ ing  a 
bowled p i s t o n ,  because t h e  squ ish  ( r a d i a l  m o t i o n )  induced d u r i n g  compression 
would c r e a t e  l a r g e - s c a l e  mot ions  and r e c i r c u l a t i o n  zones wh ich  would t e n d  t o  d i s -  
t r i b u t e  t h e  f u e l  vapor  u n i f o r m l y .  I n  a d d i t i o n ,  these r e c i r c u l a t i o n  zones would 
c o n t r i b u t e  t o  t h e  v a p o r i z a t i o n  o f  t h e  unvapor i zed  d r o p l e t s .  
For a s p r a y  cone ang le  o f  120", t h e  r e s u l t s  p resen ted  i n  f i g u r e  36 i n d i c a t e  
t h a t  t h e  f u e l  p e n e t r a t i o n  i s  i n i t i a l l y  independent  o f  t h e  s w i r l  ang le  (350" 
ATDC) and t h a t  f u e l  i n j e c t i o n  c r e a t e s  s t r o n g e r  edd ies  f o r  a s w i r l  ang le  o f  0" 
than  f o r  a s w i r l  a n g l e  o f  30".  The e f f e c t s  of s w i r l  can be seen a t  360" ATDC 
near  t h e  p i s t o n ,  where s w i r l  r e s u l t s  i n  l a r g e r  r a d i a l  sp ray  p e n e t r a t i o n s .  Cen- 
t r i f u g a l  e f f e c t s  move t h e  d r o p l e t s  r a d i a l l y  a l o n g  t h e  p i s t o n ,  as t h e  v e l o c i t y  
p r o f i l e s  a t  l o " ,  30", and 60" ATDC i n d i c a t e .  I n  t h e  absence o f  s w i r l ,  t h e  drop- 
l e t s  remain  near  t h e  p i s t o n  because the  c l o c k w i s e  i n j e c t i o n  eddy moves them 
a x i a l l y  toward  t h e  p i s t o n  ( a t  10" ATDC). The d r o p l e t  l o c a t i o n s  a t  30",  60",  and 
108" ATDC i n d i c a t e  t h a t  t h e  sp ray  p e n e t r a t i o n  i n c r e a s e s  w i t h  t h e  s w i r l  ang le ;  i n  
t h e  absence o f  s w i r l ,  unvapor i zed  d r o p l e t s  remain  near  t h e  p i s t o n  i n  t h e  c l o c k -  
w ise  i n j e c t i o n  eddy. 
The t u r b u l e n c e  k i n e t i c  energy  p r o f i l e s  shown i n  f i g u r e  37 c l e a r l y  i n d i c a t e  
t h a t  t h e  t u r b u l e n c e  l e v e l s  i n c r e a s e  w i t h  t h e  s w i r l  ang le .  Turbu lence i s  genera- 
t e d  by  t h e  sp ray  i n j e c t e d  i n t o  t h e  c y l i n d e r  b u t  decays i n  t h e  expans ion  s t r o k e ,  
where t h e  p i s t o n  d r i v e s  t h e  flow. 
The Sau te r  mean d iamete r  d i s t r i b u t i o n s  shown i n  f i g u r e  38 i n d i c a t e  t h a t  t h e  
i n i t i a l  sp ray  p e n e t r a t i o n  i s  a lmos t  independent o f  t h e  i n t a k e  s w i r l  number (350" 
ATDC).  However, as t h e  s w i r l  a n g l e  i s  i n c r e a s e d ,  so i s  t h e  sp ray  p e n e t r a t i o n ,  
p a r t i c u l a r l y  near  t h e  p i s t o n ,  as t h e  r e s u l t s  p resen ted  a t  360",  l o " ,  and 30" 
ATDC i n d i c a t e .  A t  abou t  60" ATDC, most unvapor i zed  d r o p l e t s  a r e  l o c a t e d  near  
t h e  c y l i n d e r  w a l l  f o r  a s w i r l  a n g l e  o f  30", whereas, under n o - s w i r l  c o n d i t i o n s ,  
unvapor i zed  d r o p l e t s  can be seen between m i d c y l i n d e r  and t h e  c e n t e r l i n e ,  i n  t h e  
r e g i o n  occup ied  by  t h e  c o u n t e r c l o c k w i s e  i n j e c t i o n  v o r t e x .  
The f u e l  vapor d i s t r i b u t i o n s  a r e  shown i n  f i g u r e  39 f o r  a cone a n g l e  o f  
120" w i t h  and w i t h o u t  s w i r l .  T h i s  f i g u r e  i n d i c a t e s  t h a t  t h e  i n i t i a l  f u e l  d i s t r i -  
b u t i o n  ( a t  360" ATDC, i . e . ,  5" a f t e r  t h e  b e g i n n i n g  o f  i n j e c t i o n )  i s  a lmos t  i nde -  
pendent o f  t h e  s w i r l  ang le .  More f u e l  i s  p r e s e n t  i n  t h e  r a d i a l  and a x i a l  
d i r e c t i o n s  a t  360" ATDC fo r  a s w i r l  ang le  o f  30" than  f o r  n o - s w i r l  c o n d i t i o n s .  
The l a r g e r  p e n e t r a t i o n  of t h e  f u e l  vapor i n  t h e  presence o f  s w i r l  can be 
observed a t  l o " ,  330", 60" ,  and 108" ATDC. 
The r e s u l t s  shown i n  t h i s  s e c t i o n  i n d i c a t e  t h a t  t h e  f u e l  sp ray  p e n e t r a t i o n  
and v a p o r i z a t i o n  a r e  s t r o n g  f u n c t i o n s  of t h e  s w i r l  ang le  and sp ray  cone a n g l e .  
More u n i f o r m  f u e l  vapor  d i s t r i b u t i o n s  can be o b t a i n e d  by  u s i n g  a s w i r l  a n g l e  o f  
about  30" and a sp ray  cone ang le  o f  about  120"; o t h e r w i s e ,  f u e l  vapor  remains  
near  t h e  p i s t o n  or near  t h e  c y l i n d e r  c e n t e r l i n e .  
sen ted  i n  t h i s  s e c t i o n  c l e a r l y  i n d i c a t e  t h a t  even f o r  a cone a n g l e  a t  120" and 
an i n t a k e  s w i r l  a n g l e  o f  30" ,  most d r o p l e t s  v a p o r i z e  b e f o r e  m i d c y l i n d e r  and t h e  
c y l i n d e r  c e n t e r l i n e ,  and i n  an oxygen- r i ch  r e g i o n  between m i d c y l i n d e r  and t h e  
c y l i n d e r  w a l l .  These r e g i o n s  a r e  a consequence o f  t h e  d r o p l e t  d i s t r i b u t i o n  f u n c -  
t i o n  and i n j e c t i o n  v e l o c i t i e s  used i n  t h e  c a l c u l a t i o n s  p resen ted  h e r e .  One 
expec ts  t h a t  as t h e  i n j e c t i o n  v e l o c i t y  and t h e  d r o p l e t  d iamete r  a r e  i n c r e a s e d ,  
l a r g e r  sp ray  p e n e t r a t i o n s  can be o b t a i n e d .  If more u n i f o r m  f u e l  vapor  d i s t r i b u -  
t i o n s  a r e  d e s i r a b l e  f o r  t h e  i n j e c t i o n  c h a r a c t e r i s t i c s  used i n  t h i s  s e c t i o n ,  one 
shou ld  c o n s i d e r  a bowled p i s t o n ,  where s q u i s h  can be used t o  enhance t h e  l i q u i d  
d r o p l e t  v a p o r i z a t i o n  r a t e  and t h e  sp ray  p e n e t r a t i o n  by c r e a t i n g  l a r g e - s c a l e  con- 
v e c t i v e  mo t ions  and r e c i r c u l a t i o n  zones w i t h i n  t h e  bowl .  
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However, t h e  r e s u l t s  p r e -  
APPENDIX  E.  - DETAILED EFFECTS OF DROPLET D I S T R I B U T I O N  FUNCTION 
I n  f i g u r e s  40 t o  43 t h e  f low f i e l d ,  d r o p l e t  l o c a t i o n s ,  t u r b u l e n c e  k i n e t  c 
energy ,  Sau te r  mean d iamete r ,  and f u e l  vapor  d i s t r i b u t i o n s  a r e  shown f o r  t h e  two 
d r o p l e t  d i s t r i b u t i o n  f u n c t i o n s  p resen ted  i n  t a b l e  11. 
f i g u r e s  40 t o  43 cor respond t o  1000 rpm, a sp ray  cone ang le  o f  156",  and two d i f -  
f e r e n t  s w i r l  l e v e l s :  0" s w i r l  ang le  and 30" s w i r l  a n g l e .  The d r o p l e t  d i s t r  bu- 
t i o n  f u n c t i o n s  a r e  o f  t h e  Rosin-Rammler t y p e ,  w i t h  maximum l o c a t e d  a t  30.8 and 
60 pm, whereas maximum d r o p l e t  d iamete rs  a r e  50 and 100 pm, r e s p e c t i v e l y .  
The r e s u l t s  p r e s e n t e d  i n  
The o b j e c t i v e  of u s i n g  two d r o p l e t  d i s t r i b u t i o n  f u n c t i o n s  i s  t o  de te rm ine  
t h e  sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  as a f u n c t i o n  of t h e  d r o p l e t  d iamete r  f o r  
an i n j e c t i o n  ang le  o f  15" BTDC. 
The r e s u l t s  p r e s e n t e d  i n  f i g u r e s  40 t o  43 complement those p r e s e n t e d  i n  p re -  
dTax = 50 pm, t h e  e f f e c t s  o f  eng ine  speed (he re  1000 rpm),  i n j e c t i o n  
v i o u s  appendixes i n  t h a t  f o r  a d i s t r i b u t i o n  f u n c t i o n  c h a r a c t e r i z e d  by 
30.8 pm and 
a n g l e  ( h e r e  15 ATDC),  and sp ray  cone a n g l e  ( h e r e  156") can be compared. I t  
shou ld  be p o i n t e d  o u t  t h a t  t h e  c a l c u l a t i o n s  a t  1000 rpm, sp ray  cone a n g l e  o f  
156", i n j e c t i o n  ang le  of 15" ATDC, d eak = 30 .8  pm, and dmax = 50 pm a r e  p re -  
sented  i n  appendix A ,  i n  wh ich  t h e  e l f e c t s  o f  t h e  i n t a k e  s w i r l  a n g l e  on  t h e  f low 
f i e l d  and sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  a r e  i n v e s t i g a t e d .  The r e s u l t s  o f  
these calculations at 1000 rpm are repeated here i n  order t o  clearly indicate 
t h e  e f f e c t s  o f  t h e  d r o p l e t  d i s t r i b u t i o n  f u n c t i o n  on s p r a y  p e n e t r a t i o n  and 
vapor  i z a t  i on.  
dpeak = 
F i g u r e s  40 t o  43 show gas-phase v e l o c i t i e s ,  d r o p l e t  l o c a t i o n s ,  Sau te r  mean 
d iamete rs ,  t u r b u l e n c e ,  and f u e l  vapor  mass f r a c t i o n s  a t  s e l e c t e d  c r a n k s h a f t  
ang les  for  t h e  two d i s t r i b u t i o n  f u n c t i o n s  ana lyzed  i n  t h i s  r e p o r t  (see  t a b l e  11) 
and f o r  i n t a k e  s w i r l  ang les  0" and 30" .  
F i g u r e  40 c l e a r l y  i n d i c a t e s  t h a t  for t h e  b i g g e r  d r o p l e t  d i s t r i b u t i o n ,  t h e  
d r o p l e t s  e s s e n t i a l l y  move a l o n g  a t r a j e c t o r y  wh ich  forms 78" w i t h  t h e  c y l i n d e r  
c e n t e r l i n e ,  excep t  f o r  some amount o f  l a t e r a l  d i s p e r s i o n .  F i g u r e  40 a l s o  shows 
t h a t  v e r y  d r o p l e t s  a r e  e n t r a i n e d  by t h e  i n j e c t i o n - g e n e r a t e d  e d d i e s .  O n l y  by 
abou t  30" ATDC does t h e  c l o c k w i s e  i n j e c t i o n  eddy e n t r a i n  some sma l l  d r o p l e t s .  
I n  c o n t r a s t ,  for  t h e  s m a l l e r  d i s t r i b u t i o n  f u n c t i o n ,  t h e  d r o p l e t s  move a l o n g  t h e  
c y l i n d e r  head and a r e  e n t r a i n e d  by  t h e  c l o c k w i s e - r o t a t i n g  i n j e c t i o n  eddy, wh ich  
i s  s t r e t c h e d  i n  b o t h  a x i a l  and r a d i a l  d i r e c t i o n s  (30"  ATDC) .  By about  60" ATDC 
few  unvapor i zed  d r o p l e t s  remained i n  t h e  c y l i n d e r ,  whereas a t  t h e  same crank-  
s h a f t  a n g l e  many unvapor i zed  d r o p l e t s  can be observed i n  t h e  c y l i n d e r  for  t h e  
l a r g e r  d i s t r i b u t i o n  f u n c t i o n .  
and t h e  d iamete r  o f  t h e  d r o p l e t s  ( s m a l l  sur face-area- to -vo lume r a t i o ) .  
T h i s  i s  a consequence o f  t h e  v a p o r i z a t i o n  c o o l i n g  
The t u r b u l e n c e  l e v e l s  shown i n  f i g u r e  41 i n d i c a t e  t h a t  t u r b u l e n c e  k i n e t i c  
energy  i s  genera ted  by  t h e  sp ray  near  t h e  i n j e c t o r .  
e r a t e d  a t  t h e  edge o f  t h e  sp ray  as i t  p e n e t r a t e s  i n t o  t h e  c y l i n d e r .  However, 
t h i s  g e n e r a t i o n  i s  s m a l l e r  t han  t h e  background l e v e l s  and i s  q u i c k l y  convected, 
d i f f u s e d ,  and d i s s i p a t e d .  
Turbu lence i s  a l s o  gen- 
F i g u r e  42 c l e a r l y  i n d i c a t e s  t h a t  t h e  l a r g e r  d i s t r i b u t i o n  f u n c t i o n  r e s u l t s  
i n  l a r g e r  Sau te r  mean d iamete rs  t h r o u g h o u t  t h e  eng ine  c y l i n d e r  and i n  l a r g e r  
sp ray  p e n e t r a t i o n  (350" ADTC).  A t  360" ATDC f o r  t h e  l a r g e r  d i s t r i b u t i o n  func -  
t i o n ,  t h e  d r o p l e t s  a r e  t r a v e l i n g  a l o n g  a s t r a i g h t  l i n e ,  whereas f o r  t h e  s m a l l e r  
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d i s t r i b u t i o n  f u n c t i o n ,  t h e  d r o p l e t s  a r e  e n t r a i n e d  by t h e  c l o c k w i s e  i n j e c t i o n  
v o r t e x .  S i m i l a r  r e s u l t s  can be observed a t  l o " ,  30". and 60" ATDC. Note t h a t  
a t  60" ATDC, most u n v a p o r i z e d  d r o p l e t s  a r e  l o c a t e d  near  t h e  c o l d  c y l i n d e r  w a l l .  
These d r o p l e t s  r e p r e s e n t  a smal l  f r a c t i o n  o f  t h e  t o t a l  amount o f  t h e  f u e l  
i n j e c t e d  i n t o  t h e  c y l i n d e r .  
The f u e l  vapor d i s t r i b u t i o n s  f o r  t h e  two d r o p l e t  f u n c t i o n s  ana lyzed  i n  t h i s  
s tudy  a r e  p resen ted  i n  f i g u r e  43. Note t h a t  t h e  s m a l l e r  d i s t r i b u t i o n  f u n c t i o n  
r e s u l t s  i n  f a s t e r  v a p o r i z a t i o n  t h a n  t h a t  co r respond ing  t o  dpeak = 60 pm because 
t h e  s m a l l e r  d r o p l e t s  have a h i g h  surface-area-to-volume r a t i o  and v a p o r i z e  
f a s t e r  (350" ATDC).  A t  360" ATDC, s i m i l a r  t r e n d s  a r e  shown, i n d i c a t i n g  t h a t  t h e  
s m a l l e r  d r o p l e t s  a r e  q u i c k l y  v a p o r i z e d  near t h e  i n j e c t o r ,  whereas t h e  l a r g e r  
d r o p l e t s  p e n e t r a t e  f a r t h e r  i n t o  t h e  c y l i n d e r .  S i m i l a r  t r e n d s  a r e  shown a t  30" 
and 60" ATDC. Note, however, t h a t  t h e  l a r g e r  d r o p l e t  d i s t r i b u t i o n  r e s u l t s  i n  a 
more u n i f o r m  f u e l  vapor d i s t r i b u t i o n  th roughou t  t h e  c y l i n d e r ,  whereas f o r  t h e  
s m a l l e r  d i s t r i b u t i o n ,  most vapor i s  c o n c e n t r a t e d  near t h e  c e n t e r l i n e  and t h e  cy l -  
i n d e r  head. Thus, i n  o r d e r  t o  ach ieve  more u n i f o r m  f u e l  vapor d i s t r i b u t i o n s ,  
l a r g e r  d r o p l e t s  shou ld  be used. There i s ,  however, a l i m i t .  I f  t h e  d r o p l e t s  
a r e  too b i g ,  t h e y  w i l l  remain unvapor i zed  near t h e  c o l d  c y l i n d e r  w a l l .  Note 
t h a t  l a r g e  d r o p l e t s  p r e s e r v e  t h e i r  l i n e a r  momentum f a r t h e r  and a r e  n o t  v a p o r i z e d  
as q u i c k l y  as smal l  d r o p l e t s .  
The e f f e c t s  o f  s w i r l  and d r o p l e t  d i s t r i b u t i o n  f u n c t i o n  on t h e  f low f i e l d  
and sp ray  p e n e t r a t i o n  and v a p o r i z a t i o n  a r e  a l s o  shown i n  f i g u r e s  40 t o  43. 
F i g u r e  40 shows t h e  complex flow p a t t e r n s  induced by s w i r l .  They spray 
p e n e t r a t i o n  i s  e s s e n t i a l l y  n o t  a f f e c t e d  by s w i r l  a t  t h e  b e g i n n i n g  o f  t h e  i n j e c -  
t i o n  process (350" ATDC). A t  360" ATDC, t h e  spray t i p  has a l r e a d y  been d e f l e c t e d  
r a d i a l l y  toward t h e  c y l i n d e r  w a l l  by c e n t r i f u g a l  e f f e c t s .  The d e f l e c t i o n  and 
f u e l  v a p o r i z a t i o n  i n c r e a s e  w i t h  t h e  c r a n k s h a f t  a n g l e ,  as t h e  r e s u l t s  shown a t  
10" and 30" ATDC i n d i c a t e .  
l e t s  have a l r e a d y  reached t h e  p i s t o n  a t  30" ATDC, whereas i n  t h e  absence o f  
s w i r l ,  unvapor i zed  d r o p l e t s  a r e  l o c a t e d  i n  m i d c y l i n d e r .  Most u n v a p o r i z e d  drop- 
l e t s  f o r  a s w i r l  a n g l e  of 30" a r e  l o c a t e d  a t  t h e  c o l d  c y l i n d e r  w a l l ,  where t h e y  
v a p o r i z e  slowly if a t  a l l .  A t  108" ATDC, unvapor i zed  d r o p l e t s  can be seen a t  
t h e  c y l i n d e r  w a l l  and m i d c y l i n d e r  f o r  i n t a k e  s w i r l  angles o f  0" and 30". 
r e s p e c t i v e l y .  
Note t h a t  i n  t h e  presence o f  s w i r l ,  many l a r g e  drop-  
F i g u r e  41 c l e a r l y  i n d i c a t e s  t h a t  s w i r l  r e s u l t s  i n  more t u r b u l e n c e  k i n e t i c  
energy and t h a t  t h e  sp ray  i n j e c t i o n  generates t u r b u l e n c e  near  t h e  i n j e c t o r .  
T h i s  t u r b u l e n c e  i s  r a p i d l y  d i f f u s e d  and decays i n  t h e  expansion s t r o k e .  
F i g u r e  42 shows t h a t  t h e  i n i t i a l  p e n e t r a t i o n  o f  t h e  sp ray  and t h e  Sau te r  mean 
d iamete r  d i s t r i b u t i o n s  a r e  a lmos t  i n s e n s i t i v e  t o  t h e  i n t a k e  s w i r l  a n g l e  (350" 
ATDC).  A t  TDC (360" ATDC), t h e  r a d i a l  d e f l e c t i o n  o f  t h e  spray t i p  toward  t h e  
c y l i n d e r  c e n t e r l i n e  i s  c l e a r l y  shown. I t  seems t h a t  s w i r l  " t h r o w s "  t h e  l a r g e r  
d r o p l e t s  toward t h e  c y l i n d e r  w a l l ,  where t h e y  s t i l l  c o n t i n u e  moving a l o n g  a 78" 
l i n e  w i t h  r e s p e c t  t o  t h e  c y l i n d e r  c e n t e r l i n e  (156" sp ray  cone a n g l e ) .  T h i s  i s  
i l l u s t r a t e d  i n  f i g u r e  42 a t  10" and 30" ATDC. A t  60" ATDC, t h e  s m a l l e r  d r o p l e t  
d i s t r i b u t i o n  r e s u l t s  i n  unvapor i zed  d r o p l e t s  between m i d c y l i n d e r  and t h e  c y l i n -  
de r  w a l l ,  whereas for t h e  l a r g e r  d i s t r i b u t i o n ,  unvapor i zed  d r o p l e t s  a r e  l o c a t e d  
i n  a l o c a l i z e d  zone a t  t h e  c o l d  c y l i n d e r  w a l l .  
The r e s u l t s  shown i n  f i g u r e  42 c l e a r l y  i n d i c a t e  t h a t  sp ray  p e n e t r a t i o n  and 
v a p o r i z a t i o n  a r e  s t r o n g  f u n c t i o n s  o f  i n t a k e  s w i r l  and d r o p l e t  s i z e .  
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The f u e l  vapor d i s t r i b u t i o n s  shown i n  f i g u r e  42 i n d i c a t e  t h a t  t h e  i n i t i a l  
f u e l  v a p o r i z a t i o n  i s  a l m o s t  independent  o f  t h e  i n t a k e  s w i r l  ang le  because t h e  
d r o p l e t s  a r e  i n j e c t e d  near  t h e  c y l i n d e r  c e n t e r l i n e ,  where t h e  az imu tha l  v e l o c -  
i t y  i s  z e r o  (350" ATDC). Some d i f f e r e n c e s  i n  t h e  f u e l  vapor d i s t r i b u t i o n s  a t  
360" ATDC a r e  shown i n  f i g u r e  42. (Note  t h e  change i n  s c a l e  a t  360" and 10" 
ATDC.) The r a d i a l  p e n e t r a t i o n  of t h e  f u e l  vapor  can be observed a t  10" and a t  
30" ATDC. A t  t h e  l a t t e r  a n g l e  and f o r  t h e  l a r g e r  d r o p l e t  d i s t r i b u t i o n ,  f u e l  
vapor i s  a l r e a d y  p r e s e n t  a t  t h e  c y l i n d e r  w a l l  i n  t h e  presence o f  s w i r l ;  however, 
for a s w i r l  ang le  o f  0", l i t t l e  ( i f  any) f u e l  vapor  has reached t h e  w a l l .  S i m i -  
l a r  r e s u l t s  a r e  shown a t  60" ATDC, where some v a p o r i z a t i o n  can be observed near  
t h e  c o l d  c y l i n d e r  w a l l .  
The f u e l  p e n e t r a t i o n  r e s u l t s  p resen ted  i n  f i g u r e  42 c l e a r l y  i n d i c a t e  t h a t  a 
d i s t r i b u t i o n  f u n c t i o n  w i t h  
a b l y  good and u n i f o r m  f u e l  vapor  d i s t r i b u t i o n s  t h r o u g h o u t  t h e  c y l i n d e r .  F u r t h e r  
f u e l  vapor u n i f o r m i t y  can be ach ieved  by  u s i n g  a bowled p i s t o n ,  wh ich  c r e a t e s  
squ ish  and r e c i r c u l a t i o n  zones. These zones c o n t r i b u t e  t o  f u e l  v a p o r i z a t i o n  and 
m i  x i  ng. 
dmax = 100 pm and a s w i r l  a n g l e  o f  30" y i e l d s  reason- 
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TABLE I. - GEOMETRY OF THE TWO-STROKE 
DIESEL ENGINE 
[ A l l  dimensions i n  cen t ime te rs . ]  
Bore . . . . . . . . . . . . . . . .  7.67 
C y l i n d e r  r a d i u s  . . . . . . . . . .  3.835 
Cranksha f t  r a d i u s  . . . . . . . . .  7.50 
Clearance . . . . . . . . . . . . .  0.50 
Connect ing r o d  l e n g t h  . . . . . . .  20.0 
Exhaust v a l v e  d iameter  . . . . . . .  1.57 
Exhaust v a l v e  opening d i s t a n c e  . . .  0.733 
I n t a k e  p o r t  opening . . . . . . . .  7.58 
I n t a k e  p o r t  c l o s i n g  . . . . . . . .  7.95 
TABLE 11. - ENGINE VARIABLES INVESTIGATED I N  T H I S  STUDY 
Speed, 
r Pm 
S w i  r l  
ang le ,  
deg 
I n j e c t  i on 
ang le ,  
deg ATDC 
Peak o f  
d i s t r i b u t i o n  
f u n c t i o n ,  
dpeakl  
mm 
Maxi mum 
drop1 e t  
d iameter ,  
dmax 1 
mm 
1000 345 
345 
345 
315 
330 
345 
1 
315 
330 
345 
345 
345 
30.8 
1 
10 
30 
60 r 10
30 
60 
60 
30 
100 
100 jl
50 
8 11.2 
22.5 
30 
60 
30.8 45 
0 
30 
1500 78 
78 
345 
345 
30.8 
30.8 
50 
50 
2000 0 
30 
78 
78 
345 
345 
30.8 
30.8 
50 
50 
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(B) EFFECT OF TIME STEP ON SPRAY PENETRATION AT 50 ATM. 
FIGURE 1. - SPRAY PENETRATION RESULTS. 
(C) AT 3.5 MSEC. 
FIGURE 2. - GAS-PHASE VELOCITY VECTORS AND SPRAY LOCATION 
AT DIFFERENT TIMES FOR AMBIENT PRESSURE OF 50 ATM. 
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(C) GEWETRY OF DIESEL ENGINE CHAMEER WITH TWO-DIKNSIONAL COORDINATE SYSTEM (ALL DIKNSIONS I N  
FIGURE 3. - GAS-PHASE VELOCITY VECTOR PROFILES FOR SWIRL ANGLES OF 0' AND 22.5' AT 200' ATDC, AND 
CENTIRTERS). 
GEOPETRY OF DIESEL ENGINE CHAneER. 
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(A)  SWIRL ANGLE. 0'. (B) SWIRL ANGLE. 22.5 ' .  
FIGURE 4.  - NATURAL LOGARITHM OF TURBULENCE KINETIC ENERGY FOR SWIRL ANGLES OF 0' AND 22.5' .  
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(A )  SWIRL ANGLE, 0'. (B) SWIRL ANGLE. 22.5'. 
FIGURE 5 .  - GAS-PHASE VELOCITY VECTOR PROFILES AND DROPLET LOCATIONS FOR 
SWIRL ANGLES OF 0' AND 22.5'  AT 350' A T E .  
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(A)  SWIRL ANGLE, 0'. (B) SWIRL ANGLE, 2.5'. 
FIGURE 6. - FUEL MASS FRACTION DISTRIBUTIONS FOR SWIRL ANGLES OF 0' AND 22.5' AT 
350' ATDC. 
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FIGURE 7. - MASS OF FUEL VAPOR AS FUNCTION OF CRANKSHAFT ANGLE FOR DIFFER- 
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(A) ENGINE SPEED, 1500 RPM. (B) ENGINE SPEED, 2000 RPM. 
FIGURE 8. - GAS-PHASE VELOCITY VECTOR PROFILES AND DROPLET LOCATIONS FOR 
ENGINE SPEEDS OF 1500 AND 2000 RPM AT 360' ATDC FOR 0' SWIRL ANGLE. 
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FIGURE 9. - VAPORIZATION RATE AS FUNCTION OF ENGINE SPEED 
AND CRANKSHAFT ANGLE. 
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FIGURE 10. - GAS-PHASE VELOCITY VECTOR PROFILES AND DROPLET LOCA- 
TIONS FOR INJECTION ANGLES OF 45' AND 30' BTDC AT 360' ATDC FOR 
0' SWIRL ANGLE. 
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FIGURE 12. - GAS-PHASE VELOCITY VECTOR PROFILES AND DROPLET LOCATIONS FOR 
SPRAY CONE ANGLES OF 20' AND 60' AT 360' ATDC FOR 0' SWIRL ANGLE. 
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50 
CRANKSHAFl 
ANGLE, 
200 
2 4 0  
270 
300 
345 
+ .,,, . .  
1E::Z-j /; - - - 
Sli55f-f% z z ** *.--- ............ ,....--..... ..... .................. .................. .................. 
p.;z;;;;;;.. -.... .. ....... 
................. b;;;;;;;;;;;; ; ; I ;  7 
UY 
v"----L---- 
7*-- ;?I e-*--* - - * -- ; ; j  ........ 4,r".-. - . - * - - - A  
, , ~ " " "  ...... ' , , / . . " . . - - * - - - i  .................. 
................... +,#:: :: :: : 1 : :::, 
;&i:I;I;;I 1 ;  ;~~~~ SWIRL 
................... 
--
ANGLE, 
4 5  DEG 
,-.---.. ..... 
g:s1:=:: : 1 : :A  l;zz::x:: .. .............. i i j x i ;  -.. ...... ........... ................. .. ........ .................. , ,.. ............... 4,Is:: : : : : : : I  
-_I 
... p:::::::: : : ::::, ................. . , ................. b. ................. 
a,,::: : : :: : : : : : : : : I  
0 1 1 . 2 5  
FIGURE 16.  - 
22.5 30 
GAS-PHASE VECTORS AS FUNCTION OF SWIRL ANGLE. 
51 
CRAmSHAR 
ANGLE. 
210 
240 
300 
345 
SWIRL 
ANGLE. 
0 11.25  2 2 . 5  30 45 DEG 
FIGURE 17. - NATURAL LOGARITHN OF TURBULENCE KINETIC ENERGY PROFILES AS FUNCTION OF SWIRL ANGLE. 
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FIGURE 18. - NATURAL LOGARITHM OF DISSIPATION RATE OF TURBULENCE KINETIC  ENERGY AS FUNCTION OF SWIRL ANGLE. 
53 
1 240 
30 
108 
11.25 
I / 
l----J 
22.5 
/ 
/ 
I / 
1 
I 
30 
1 / 
I / 
FIGURE 19.  - AZIMUTHAL M L O C I T Y  PROFILES FOR DIFFERENT SWIRL ANGLES. (THE SCALE FOR THE AZIMUTHAL VELOCITY AT 200'. 240'. AND 
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FIGURE 20. - GAS-PHASE VELOCITY VECTORS AND DROPLET LOCATIONS AS FUNCTION OF SWIRL ANGLE. 
ORIGINAL PAGE IS 
923 W R  QUALITY 
.. ^ ..... ........ 
,.__._.___ . .... ..  .............. ,:P**l*l*** I I * t i :  
n i i t i t t ~ ~ a t  I L ~ 1 1 %  SWIRL 
ANGLE. 
__ ............. 
45 DEG 
55 
CRANKSHAFT 
ANGLE. 
DEG A T K  
7 
I 
350 1 
I 
r- 
L 
I 
LJ 1 lo L 
i 
60 'I, 
(A) FUEL l k4SS FRACTION DISTRIBUTION. 
r I I 360 
SWIRL 
ANGLE. a 
11.25 
I 
0 22.5 
(B) OXYGEN MSS FRACTION DISTRIBUTION. 
30 45 DEG 
FIGURE 21. - FUEL MASS FRACTION DISTRIBUTIONS AT 350'. 360°, IO', 30'. AND 60' A T E .  AND OXYGEN MSS FRACTION DISTRIBUTION AT 360' 
A T K  AS FUNCTION OF SWIRL ANGLE. 
ORIGINAL PAGE IS 
OF POOR QUALI'IYj 
56 . . .  
CRANKSHAFT 
ANGLE, 
MG ATDC 
350 
360 
10 
30 
60 
I r-l I 
L 1 I 
i 
2 
11.25 
SWIRL 
ANGLE. 
0 22.5 30 45 DEG 
FIGURE 22. - SAUTER KAN D I M T E R  DISTRIBUTIONS AS FUNCTION OF SWIRL ANGLE. 
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FIGURE 24. - NATURAL LOGARITHPl OF TURBULENCE KINETIC ENERGY PROFILES FOR DIFFERENT SWIRL ANGLES. 
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(A) ENGINE SPEED, 1500 APM. (B) ENGINE SPEED, 2000 RPM. 
FIGURE 25 .  - GAS-PHASE VELOCITY VECTORS AND DROPLET LOCATIONS AT 1500 AND 2000 RPM FOR SWIRL ANGLES OF 0' AND 30'. 
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FIGURE 26. - NATURAL LOGARITIN OF TURBULENCE KINETIC ENERGY PROFILES AT 1500 AND 2000 RPM FOR SWIRL ANGLES OF 0' AND 30'. 
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FIGURE 27. - NATURAL LOGARITHfl OF DISSIPATION RATE OF TURBULENCE KINETIC ENERGY AT 1500 AND 2000 RPM FOR SWIRL ANGLES OF 0' AND 30'. 
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FIGURE 28. - SAUTER E A R  DIANETER DISTRIBUTIONS AT 1500 AND 2000 RPM FOR SWIRL ANGLES OF 0' AND 30'. 
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FIGURE 29. - FUEL VAPOR DISTRIBUTIOWS AT 1500 AND 2000 RPM FOR SWIRL ANGLES OF 0' AND 30'. 
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FIGURE 30. - TERERATURE DISTRIBUTIONS AT 1000, 1500. AND 2000 RPM FOR SWIRL ANGLES OF 0’ AND 30’. 
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FIGURE 3 1 .  - GAS-PHASE VELOCITY VECTORS AND DROPLET LOCATIONS FOR INJECTION ANGLES OF 30' AND 45' BTDC. WITH 
SWIRL ANGLES OF 0' AND 30'. 
66 
ORIGINAL PAGE IS 
OF POOR QUALITY 
CRANKSHAFT 
ANGLE, 
360 
0 30 
(A) INJECTION ANGLE. 30' BTDC. 
ORIGINAL PAGZ IS 
.OF POOR QUALITY 
0 30 
(B) INJECTION ANGLE, 45' BTDC. 
SWIRL 
ANGLE. 
DEG 
FIGURE 32. - NATURAL LOGARITHM OF TURBULENCE KINETIC ENERGY PROFILES FOR INJECTION ANGLES OF 30' AND 45' BTDC, WITH 
SWIRL ANGLES OF 0' AND 30'. 
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FIGURE 33.  - SAUTER K A N  D I A E T E R  DISTRIBUTIONS FOR INJECTION ANGLES OF 30' AND 45' BTDC, WITH 
SWIRL ANGLES OF 0' AND 30'. 
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FIGURE 3 4 .  - FUEL VAPOR DISTRIBUTIONS FOR INJECTION ANGLES OF 30' AND 45' BTDC. WITH SWIRL ANGLES OF 0' AND 30'. 
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FIGURE 35. - TERPERATURE DISTRIBUTIONS FOR INJECTION ANGLES OF 30' AND 45' BTDC. WITH SWIRL ANGLES OF 
0' AND 30'. 
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FIGURE 37. - NATURAL LOGARITHN OF TURBULENCE KINETIC ENERGY PROFILES FOR SPRAY CONE ANGLES OF 20'. 60'. AND 120'. WITH SWIRL ANGLES 
OF 0' AND 30'. 
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